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INTRODUCTION
In this thesis results are presented from a study of 
intermediate dispersion spectra, and six-colour narrow hand 
photometry of Wolf-Rayet (WR) stars in the southern Milky Way and in 
the Magellanic Clouds.
Until very recently photometric data on WR stars have been 
appallingly lacking. Westerlund and Smith (196*0 have obtained 
photographic B,V, R colours for most of the WR stars in the Large 
Magellanic Cloud (IMC), and Feast, Thackeray, and Wesselink (i960) 
have obtained U, B,V colours for a few. However, in the Galaxy, U,B,V 
colours have been obtained for only about one-third of the known WR 
stars (Demers and Femie, 1964; Feinstein, 1964; Hiltner, Schild 
and Jackson, 1964; Hiltner and Iriarte, 1955; Hiltner, 1956;
Cousins and Stoy, 1963).
The reason for the lack of previous observations is 
probably the complex nature of the WR spectra. The emission bands 
are broad and strong, and have a very significant effect on the 
observed magnitudes in any of the conventional broad band systems.
This makes the physical significance of the resulting colours obscure.
The advent of narrow band interference filters makes it 
possible to select regions of the spectrum containing virtually no 
emission lines, or single selected emission lines, for measurement.
The resulting colours refer to the continuum radiation, or are 
measures of the strengths of individual emission lines. The latter
2provide clearly defined classification parameters.
The recent paper by Westerlund (1966) gives results of 
narrow band photometry of most northern WR stars. Westerlund's 
program was planned in conjunction with the present program and 
uses a similar photometric system. The two studies provide a nearly 
complete coverage of known WR stars in both hemispheres.
One should realise the importance of the southern hemi­
sphere in the study of WR stars. Of the 123 WR stars catalogued 
by Roberts (1962), nearly two-thirds lie south of declination -20°, 
and are therefore out of reach of most northern telescopes. Also 
in the far south lie the Magellanic Clouds. These present a 
unique opportunity to study a sample of WR stars at a well-defined 
distance, free of differential distance effects, and nearly free 
of differential absorption.
The present study has been planned primarily to determine 
the intrinsic luminosities and colours of WR stars and the dependence 
of these parameters on spectral type. With these tools the study 
of the distribution of subclasses in the Galaxy and in the LMC with 
respect to other constituents of these galaxies is undertaken.
The distribution of WR stars and their relationship to 
other constituents of a galaxy provide the primary clues to their 
ages, and hence to their mode of evolution. Applications of the 
data to this problem are discussed in the final chapter.
Because no adequate summary of observational data on WR 
stars is currently available, Chapter I comprises a careful
3collection of the quantitative data available in the literature up 
to the date of writing. Models of WR atmospheres and theories of 
WR evolution are summarised briefly.
Chapter II describes the spectral classification system 
employed, and the collection and reduction of the new data.
Chapter III is concerned with the calibration of the 
photometric classification criteria, and the derivation of the 
intrinsic luminosities and colours of the WR stars.
A detailed comparison is made between the WR stars in the 
IMC and in the Galaxy. It is concluded that the WR stars in the 
IMC are reasonably similar to stars in the Galaxy of the same 
spectral subclass, but that there is a startling absence of some 
subclasses from the IMC.
The relationship between luminosity and spectral subclass 
is based mainly on results from the IMC supplemented, where 
necessary, by observations in the Galaxy.
In Chapter IV the distribution of the WR stars in the 
Galaxy is determined and the association of WR stars with HI, HII, 
and OB associations is studied. It is found that different sub­
classes are differently distributed in the Galaxy and associate 
to different degrees with HII regions and OB associations. In 
particular, the subclasses which are not represented in the IMC 
show a strong tendency to concentrate to the inner regions of the 
Galaxy.
4Chapter V presents 11 cm radio observations of four small 
HII regions believed to be associated with WR stars. Electron
densities are derived from optical observations of the [Oll] AA 3726- 
29 doublet. In this way the masses of the nebulae are determined. 
These vary from a few to many hundreds of solar masses. Ages are 
calculated for the nebulae on the assumption that the interstellar 
matter has been swept up by matter ejected from the star. It is 
found that the ages of the nebulae are correlated with their total 
masses and an explanation is offered for the correlation.
Chapter VI discusses the relevance of the accumulated data 
to the theories of evolution of WR stars.
5CHAPTER I
REVIEW OF OBSERVATIONAL DATA ON WR STARS.
The first WR stars were discovered by Wolf and Rayet in 
1867 by visual spectroscopy. Since then many more of these unusual 
stars have been identified, and the number now known stands at 123 
in the Galaxy, at 58 in the Large Magellanic Cloud and at 2 in the 
Small Magellanic Cloud. However, the diversity of their spectral 
appearance and properties continues to confound attempts to 
understand them fully. This chapter presents a summary of the 
available data, with an assessment of the principal uncertainties 
in the deductions that have been made from the data.
I.1. Population Characteristics
WR stars are believed to be members of extreme Population
I. The evidence is as follows:
1. With few exceptions, the WR stars are found within 5° of 
the galactic plane, and show a marked concentration to the 
directions of the spiral arms.
2. They are frequently members of clusters and associations.
3. They are frequently found as one component of a binary, 
with the other component an 0 or B star.
4. They are frequently found in nebulosity.
The percentage of WR stars in the Galaxy and in the LMC 
in each of these categories is given in Table 1.1.
6T ab le  1 .1
A ss o c ia t io n  o f  WR s t a r s  w ith  P o p u la tio n  I  o b je c ts
Galaxy LMC Ref
T o ta l number 123 58 1 ,2
Number w ith  irip < 10 39 2
W ith in  5° o f  th e  g a l a c t i c  p la n e 2
Members o f  c l u s t e r s  and a s s o c ia t io n s - 20$ 58# 1 ,3
Components o f  a b in a ry  (mpg < 10) 36 f 21$ 1 ,2
In  n e b u lo s i ty 50$ 6b$ 1 , 4 ,5
N otes: 1 . W este rlu n d , B.E. and Sm ith, L. F. (1964) M .N.R.A.S. 128, 311
2 . R o b e rts , M. (1 9 6 2 ) A .J . 67 , 79
3. R o b e rts , M. (1964) P r iv a te  com m unication
4 . Shajn ,G .A . and Hase,W .F. (1953) P ubl. Crm. Ap. Obs, 1 0 , 152
5. Bok, B.J.  and Wade, C.M. (1955) P ubl. A .S .P . 67 , 103
D if fe re n c e s  e v id e n t in  T able 1 .1  betw een th e  Galaxy and th e  
m e  a re  e a s i l y  e x p la in e d  as  s e le c t io n  e f f e c t s  ( l ) .
Some d i f f e r e n t i a t i o n  i s  found betw een th e  d i s t r i b u t i o n  o f  
WC s t a r s  and t h a t  o f  WN s t a r s .  R oberts  (1958) f in d s  ap p ro x im a te ly  
e q u a l numbers in  eac h  sequence in  th e  G alaxy, b u t among s t a r s  in  
c l u s t e r s  and a s s o c ia t io n s  th e  r a t i o  WN:WC i s  betw een 7 :1  and 4 :1 . 
However, in  th e  LMC W este rlu n d  and Sm ith (1964) (T ab le  3) f in d  an 
o v e r - a l l  r a t i o  o f  WN:WC o f  5 :1 , and a r a t i o  in  a s s o c ia t io n s  o f  4 :1 . 
Thus th e  ev id en ce  i s  n o t c o n c lu s iv e . R oberts  (1962 ) f in d s  no 
d i f f e r e n c e  betw een th e  d i r e c t i o n a l  d i s t r i b u t i o n s  o f  WN s t a r s  and o f
WC s t a r s  in  th e  G alaxy.
71.2 The Spectra, Classification
The class
A WR spectrum is dominated by emission bands with band-
o ^widths greater than 4A. The lines have been identified by Edlen
(1933> 1955) and by Swings and Jose (1950 )> who demonstrated that 
the bands originate from atomic transitions of neutral and ionised 
helium, and of multiply ionised carbon, nitrogen, oxygen and silicon. 
The widening mechanism is still a matter of argument.
To define the class, it is necessary to distinguish the 
classical WR stars from novae and from the nuclei of some planetary 
nebulae.
Novae spectra mimic WR spectra during parts of their life 
but, whereas WR spectra display only minor temporal variations, 
novae spectra change radically in times of the order of 50 years.
The spectra of the nuclei of some planetary nebulae also 
mimic WR (and Of) spectra. But classical WR stars are extreme 
Population I and are very luminous and massive, while the nuclei of 
planetary nebulae are much less luminous (e.g. Swings, 195Ö), have 
masses of approximately 1 ^  (Seaton, 1966), and are members of the 
Disk Population (Oort, 1958)* They are obviously not related.
TheLine Profiles
The line profiles are generally bell-shaped or flat-topped, 
and symmetrical (e.g. Beals, 1934-). The band-width of the lines 
due to a given ion increases with wavelength at a rate slightly
8greater than that predicted, by a theory of Doppler broadening (e.g. 
Beals, 1929). For each element the bandwidth is a1so correlated 
with ionisation potential (e.g. Smith, 1955)i however, when different 
elements are considered together the relationship breaks down (Code 
and Bless, 1964).
Violet absorption edges are sometimes present and are 
assumed to originate in the atmosphere of the WR star (Beals, 1929> 
1934). Undisplaced absorption lines of hydrogen and helium are 
sometimes present also. It was first suggested by Wilson (l940), 
and is now generally believed, that these originate from a companion 
of type 0 or B.
The classification system
In the Harvard surveys, WR stars were denoted Oa, Ob, and 
Oc. Subsequently, a classification system suggested by Beals (i960) 
was adopted by the I.A.U. Commission 29« The relationship between 
the Harvard and Beals systems is not explicit;; the statistical 
relationship has been given by Roberts (1962). More recently an 
atlas embodying a classification system has been published by Hiltner 
and Schild (1966). The Beals and Hiltner-Schild classification 
systems will be discussed in detail in Chapter II.3. Suffice it to 
say here that both employ the notation 'WR' and divide the class into 
two sequences: WC, in which the spectra are dominated by emission
lines of helium, carbon, and oxygen, and WN, in which the spectra are 
dominated by emission lines of helium and nitrogen. The subclasses,
9denoted by arabic numerals following the letters, separate spectra 
according to the degree of excitation evidenced by the emission lines. 
Beals uses criteria depending on the relative strengths of lines due 
to different ions of the same element, and of lines due to ions of 
different elements. Hiltner and Schild restrict their criteria 
almost entirely to the former.
The presence of a composite (WR + absorption) spectrum is 
indicated by separate classification of the two components, for 
example WFf + 07. Throughout this thesis, a spectrum will be 
described as e.g. WN7 + OB whenever it is known that the star is a 
binary (either from variability of the radial velocity, or from any 
other criterion), but the class of the companion is not known.
1.3 Luminosities
In the G:laxy, determinations of absolute magnitudes are 
severely hampered by lack of knowledge of distances, and by the 
irregularity of interstellar absorption. The most reliable absolute 
magnitudes come from observations of WR stars in the LMC. Westeriund 
and Smith (1964) find that the absolute magnitude depends on the 
degree of multiplicity of the star and, among WN stars, upon the 
membership or non-membership of the 30 Doradus complex or other 
associations. Mean values are summarised in Table 1.2 (from their 
Table 5). The absolute magnitudes have been calculated on the 
assumption that (m-M) = 18.8 mag.
10
Table 1.2
Absolute Visual Magnitudes of WR stars in the IMC
50 Dor Association s Field
WR + OB -7.8 -7.6
WN -6.5 -5.3 -4.4
WC -5.6 -5.5
Graham (1965) has recently determined absolute magnitudes 
for seven galactic WR stars believed to be associated with 0 and B 
stars. He determines the absolute magnitudes of the 0 and B stars 
by Hß photometry and derives the absolute magnitude for the WR star 
by assuming it is at the same distance and affected by the same 
amount of absorption. The resulting values of My range from -5-2 
mag to - 7.1 mag, with a mean value of -6.4 mag, in good agreement 
with the range of -5.3 mag to -7*6 mag among the values in Table 1.2 
for stars in associations in the IMC.
Rublev (1963) obtains similar results for nine WR stars in 
Cygnus. He determines the distances and the reddening by comparing 
each WR star with 0 and B stars displaying the same strength of 
interstellar lines. The resulting values of My range from -4.5 mag 
to -7*0 mag. Single stars have a mean value of -5.O mag, with 
binaries 1.5 to 2 mag brighter.
Earlier attempts by Roman (1951 )> Andrillat (1955) and 
Onderlicka (1958) gave rather lower luminosities. Roman observed 
early-type stars in Cygnus and assumed that they are all at the same
11
distance from the sun, which is probably not the case. Andrillat 
and Onderlicka made the unjustified assumption that the interstellar 
absorption is uniform and that it increases linearly with distance.
No difference in mean absolute magnitude between WN and WC 
stars, or between different subclasses, has been detected. In the 
Galaxy, any such difference would probably be lost in the 
uncertainties of the determinations. In the IMC, subclasses for 
the stars were not available prior to this study.
I.4 Temperatures
Estimates of stellar temperatures may be obtained in a 
number of ways: l) from the degree of excitation evidenced by the
spectral lines, yielding 'excitation temperature', 2) by the 
Zanstra method, yielding 'Zanstra temperature', 3) from the slope 
of the continuum, yielding 'colour temperature', and 4) from the 
luminosity and the radius (in the rare cases where these may be 
determined), yielding 'effective temperature'.
The first method uses the relative intensities of the 
emission lines and therefore refers to the envelope. It has been 
applied most recently by Aller and Faulkner (1964) to 72 Velorum.
They find temperatures ranging from 2.2 X 104 °K, derived from CIII 
lines, to 11 X 104 °K, derived from CIV lines, and 190 X 104 °K, from 
CV lines. Similar results were obtained earlier (Aller, 1943) for 
five WN stars and three WC stars. The increase of the derived
temperature with the ionisation potential of the ion used is taken
12
to indicate the presence of a stratified atmosphere. The method 
assumes the presence of a Boltzmann distribution among the levels, 
which may not be a good approximation. Weenen (1950) applies the 
method and obtains a negative temperature from Hell lines. He 
takes this to indicate that the derived temperatures have no 
physical significance. Thomas (19^ +9) has also pointed out tb't the 
Boltzmann and Saha equations may not obtain in a TO atmosphere.
The Zanstra method was originally developed for the 
analysis of planetary nebulae. It depends on the assumption that 
all radiation capable of photoionising an atom or ion is absorbed 
by the shell. The electron subsequently recombines with the ion 
and cascades to the ground state. Observation of the intensity of 
a line due to a transition made during the cascade allows an 
estimate of the number of photons emitted by the star above the 
ionisation limit. Comparison with the radiation from the photosphere 
at visual wavelengths yields a colour, and hence a temperature for 
the photosphere, on the assumption that it radiates like a black 
body. The method has been applied to TO stars by several authors. 
The results are summarised in Table 1.5* The analysis by Miyamoto 
differs from the other two in allowing for the fact that the 
radiation is not extremely dilute and that ionisation from excited 
levels may not be neglected.
The third method refers mainly to the photosphere.. The 
colour temperature is defined as the temperature of a black body
13
Table 1.3





6 - 11 
2.9 - 8.4 
3 - 4
Beals,C.S. (193*0 Publ. Dom. Ap. Obs. Vic. 6, 95 
Vorontsov Vel'yaminov,B.A. (1946) Astr. Zh. 23; 1 
Miyamoto,S. (1952) Publ. Astr. Soc. Japan 4, 37
whose spectrum would exhibit the same slope in the region of the 
spectrum under consideration. It is equivalent to the actual 
photospheric temperature only if the star radiates like a black body. 
If the energy distribution differs from that of a black body then 
the method will yield different colour temperatures in different 
wavelength regions.
The determination of colour temperatures from WR stars is
difficult due to: l) the difficulty of avoiding emission lines and
of determining the level of the continuum,, and 2) the difficulty
of determining the effect of interstellar reddening.
Kuhi (1966) has shown that the energy distribution in a
WR spectrum does, in fact, depart radically from black body. He
determines colour temperatures of WR stars from narrow band
photoelectric observations from A3200 to A11000. He finds that,
even if one observes at carefully chosen wavelengths, with a band- 
o
width of only 50A, emission lines are not completely avoided.
14
However, if one takes the lower envelope of the points observed a. good 
approximation to the continuum may be achieved. Reddening is 
determined by assuming that all WR stars have the same (b-v) index 
(=(a47Ö6 - A5556)) as 10 Lacertae. Temperatures are then derived 
by fitting models due to Mihalas (1 9 6 5) to the observed energy 
distributions. No single model will fit the observations at all 
wavelengths; the temperature of the model which fits the observations 
in the ultraviolet is much higher than that of the model which fits 
the observations at longer wavelengths. No Balmer discontinuity is 
detected; this places an extreme upper limit of 0 .0 5 mag on its size. 
WC stars may be slightly cooler than WN stars. Kuhi finds that the 
shape of the energy distribution for single stars differs from that 
for binary stars. Mean values are given in Table 1.4.
Aller and Faulkner (1964) also use photoelectric scanner 
techniques. They observe y 2 Velorum in the range A3400 - A 5900 
and obtain a colour temperature of 31>000°K.
Table 1.4
Colour Temperatures of WR
( °K X
Stars, after Kuhi (1 9 6 6)
1 0 ' 3 ) ;
Class n A3500 A5000 A6750 A9500
WN 5 >100 29 18 14
WN+OB 9 46 24 22 15
WC 4 -100 22 l6 14
WC+OB 3 1 60 21 14 13
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Earlier attempts (Petrie,, 19*4-8; Andrillat, 1955j Vorontsov- 
Vel'yaminov, 1958; Rublev, 1985) yielded much lower temperatures. 
These determinations depended on photographic spectrophotometry 
restricted to the region X5900 - A4900 where Kuhi finds that the 
spectrum is rarely free from emission lines. The ultraviolet region 
was not included, and corrections for reddening were very uncertain.
A determination of effective temperature has been attempted 
only for V444 Cygni. Kron and Gordon (1950), using the light curves 
at >\4500 and at A7200 and the spectroscopic orbit derived by Wilson 
(1942), derive an effective temperature for the WR component of 
80,000°K. Unfortunately this derivation depends on the luminosity 
difference, 1.75 mag, between the WR s.nd OB components, derived by 
Beals (1944). As pointed out by Sahade (1966), this value is very 
doubtful.
Kron and Gordon find different light elements in the two 
colours, indicating that, relative to the 0 star, the WR star is 
brighter in the red than in the blue; however the disk is fainter 
in the red than in the blue.
I.5 Abundances
The spectra of WR stars are divided into two sequences 
according to the predominance of carbon or of nitrogen. The range 
of ionisation potentials represented in the spectra in the two 
sequences is similar (Beals, 1958). This implies that the 
atmospheres of WN stars have a different composition from those of
l6
WC stars. However, Underhill (1959) feels that different excitation 
conditions may be responsible for the effect.
Because the excitation mechanisms operating in WR 
atmospheres are poorly understood, calculations of abundances are 
uncertain.
Aller (19^5) derives the mean values for abundances relative 
to helium given in Table I.5. Values for the B stars, 7 Pegasi and 
55 Cygni (Aller, 1960)*are given for comparison. Evidence of 
nitrogen is rarely found in the spectra of WC stars,and oxygen lines 
are rarely found in the spectra of WN stars, so no estimate of their 
relative abundance is given. Aller's results depend on the 
assumption that the atmosphere is stratified, that excitation 
temperature is a smooth function of depth in the atmosphere, and 
that at each depth there is a Boltzmann distribution among the levels. 
This may not be a good approximation (e.g. Thomas, 19^9)•
The figures indicate that nitrogen is over-abundant in WN 
stars, and that carbon is over-abundant in WC stars.
Table I.5
Abundances in WR Atmospheres, after Aller (19^ -3)
Ratio WC WN 7 Peg 55 Cyg
He : C 15 : 1 300 : 1 390 : 1 590 : 1
He : 0 50 : 1 350 : 1 160 : 1
He : N 20 : 1 1440 : 1 350 : 1
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Zanstra and Weenen (1950) derive abundances for three WC 
stars, assuming that the emission spectrum is a pure recombination 
spectrum. They find the ratio N(He):N(C) « 3:1-
Hydrogen lines are weak and blended with Hell. Thus it is 
not possible to derive abundance ratios with respect to hydrogen.
Abundances in the stars in the related class, Of, appear 
to be normal (Oke, 1954; Neubauer and Aller, 1948).
1.6 Mass Loss
As first noted by Beals (1929)? and most recently by Limber 
(1964), the range of velocities, if the line widths are due to 
Doppler broadening, exceeds, or at least approximates, the escape 
velocity from the star. Thus it is likely that the emitting 
atmosphere is continuously being lost and replenished from the 
nucleus.
The appearance of violet shifted absorption lines is often 
quoted as further evidence of the ejection of matter (Underhill,
1962; Smith, 1955)» On the basis of the strengths of such lines 
in the spectrum of the WC binary, HD 193793? Underhill (loc.cit.) 
estimates a rate of mass loss of 10"6 solar masses per year. By 
similar reasoning, Sobolev (1958) estimates 10"5 solar masses per 
year. However, this interpretation of the violet shifted absorption 
lines is open to doubt and thus the estimates of the rate of mass 
loss are not securely based.
18
Johnson and Hogg (1965) suggest that the nebulae, NGC 2359 
and NGC 6888, are generated by the WN stars, HD 56925 and HD 192165, 
respectively, and that their circular shape arises from the sweeping 
up of interstellar matter by matter ejected from the WR star. They 
calculate that, if the rate of mass loss is between 10'0 and 10 6 
solar masses per year, the energy of the ejected matter is sufficient 
to sweep up the observed mass of NGC 6888 and to produce the observed 
rate of expansion. The age of the nebula would be 104 to 105 years.
The greatest uncertainty in these calculations arises from 
the use of the distances previously determined for the two stars by 
Onderlicka (1958). (The same objections apply to distances derived 
by Onderlicka as were stated in section 1.3 regarding the 
luminosities.) The derived age depends approximately on the 
distance to the 3/2 power. Thus, a change in the assumed distance 
should not change the age estimate by more than a factor of ten.
This will not alter the conclusion that the existence of these 
nebulae can be accounted for in terms of mass loss from the 
associated star.
The presence of these nebulae represents the most 
convincing evidence available that mass loss is occurring. When 
more information becomes available on the present rate of expansion 
of the nebulae, a much more reliable estimate of the rate of mass 
loss will also be possible. Johnson and Hogg's calculations 
indicate that a rate of mass loss of 10 5 to 10 6 solar masses per
19
year is consistent with the characteristics of observed nebulae, but 
this can only be considered as a preliminary conclusion.
I.7 Masses
There are no reliable mass determinations for WR stars. 
Although five eclipsing systems are known, and two have been studied 
in detail, it has become clear that the radial velocities derived 
from the emission lines of the WR star do not refer to the centre of 
mass of the star. The evidence is as follows:
A) The mass ratios, , derived from eclipsing binaries
are consistently higher than those derived from spectroscopic 
binaries, implying that the derived ratio depends on the angle 
between the orbital plane and the line of sight. Table 1.6 
summarises the derived values and gives the references to spectro- 
graphic and photometric studies of the binaries. Successive 
columns contain:
1. HD number .
2 . Roberts number, MR .
3. Name, if an eclipsing binary .
b. Spectral type (see Chapter II.l) .
5. Derived ratio of masses, ififfyp/ •
6. Derived mass function f(m) = sin3i /( )2, if
only the WR component has been observed. ( is the mass of the
WR star, jföfe the mass of the OB star. )
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T able 1 .6
D ata R e la tin g  to  M asses o f  WR S ta r s
HD ! MR Name Sp ty p e ®W H)B f W RefSp Fh :
152270 i  65 WC7 + 05-8 0 .2 8 3 ,12
186943 I  94 WN4 + B 0 .2 8 3
190918 : 99 WN4.5+09* 51a 0 .2 7 15
193928 ;io8 WN6 + OB 4 .9 4 3
228766 :io5 WN7 + 0 0 .21 1 ,8
BD+40°4220 Of + 0 9 :1 : 0 .2 4 16
29 Can Maj Of + OB 13
I 68206 : 85 CV S e r WC8 + OB 0 .33 ^8 .2 4 9
193576 106 V444 Cyg WN5 + 06 0 .3 9 1 0 .4 14 6 ,1 0 ., 11
-• 114 CX Cep WN5 + OB 5 5 I
211853 a i 6 eclipsing :W N 6 + B' I : 0 .3 9 s?7. 6 3 9 I
214419 118 CQ, Cep WN7 + 07 - 4 .3 8 2 7
R e fe re n c e s .
1 . H art,A .B . (1957) A p .J . 126 , 463
2 . H iltn e r,W .A . (1944) A p .J . 99, 273
3. " (194 5 ) A p .J . 101, 356
4. " ( 1945 ) A p .J . 102, 492
5- " (1948) A p .J . IOS, 56
6. " (1949) A p .J . 110, 95
7. " ( I 9 5 0 ) Ap.J.  112, 477
8. " (1951) A p .J . 113, 317
9. H jellm ing ,R .M . and H i l tn e r  W.A. (1963) A p .J. 137, 1080
10. K ron,G .E. and Gordon,K.C. (1943) A p.J. 97, 311
11. " " (1950) A p.J. I l l ,  454
12. S tr u v e ,0. (1944) A p .J . 100, 384
13. S tru v e ,0 . and Sherm an, F. (1941) A p .J . 93, 84
14. W ilson , O.C. (1941) A p .J . gL, 379
15. " (1948) A p .J . 109, 76
16. W ilson,O .C . and A bt,A . (1951) A p .J . 114, k j j
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7. Derived mass of WR star, (For the stars CV Ser
and HD 21l853> the estimate of the mass of the WR star has been 
obtained by taking sin i = 1.)
8, 9* References to spectroscopic and photometric data 
respectively,
B) The elements of the orbit - phase and semi-amplitude of the 
velocity curve and eccentricity - derived from the velocity curves 
of different lines are sometimes different. Details are given in 
Table 1.7* References are given in the notes to Table 1.6.
C) Some emission lines in the WR spectrum do not undergo 
eclipse. The line Hell A4686 in the spectrum of V444 Cygni is 
about 12$ brighter at both conjunctions than at elongations (Wilson, 
1942) .
The light curve of CQ, Cephei at ?\4686 has an amplitude of 
0.35 mag, with maxima occurring at conjunctions (Hiltner, 1950)*
The maximum occurring when the WR star is eclipsed is 0.04 mag 
brighter than that occurring when the 0 star is eclipsed.
Hiltner (1950) claims similar behaviour of Hell A4686 in 
the spectrum of HD 211853; but details are not given.
A careful study of other emission lines has not been made. 
It is not known whether they behave in the same way as A4686 or not.
It is concluded that until these phenomena are understood, 
the value of approximately 10 ijj^ , derived from eclipsing binaries, 
can only be regarded as an order of magnitude.
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T able 1 .7  j
System f D isp la y in g  Anomalous V e lo c ity  Curves
A. D if f e r e n t S em i-am plitudes ( k )
HD Sp H ell A4686 
K (k m /s)
O ther 0
K (km /s) A (A)
Ref !
168206  : WC8 + OB 195 165 i C II I ,IV  A4650 
i CIV A4441
4 I
214419 i WN7 + 07 165 295 i NIV A4058 2 i
228766  I WN7 + 0 260 225 j NIV A4058 1 :
186943  : WN4 + B 235 160 i NV AA4603, 4619 ^ i
B. D if f e r e n t Phases
HD Sp P erio d  : Leading Curve ; F o llow ing  
; d e r iv e d  from: | Curve
d e r iv e d
(d ay s)  ; ; from :
Phase 
D if f ­
e ren c e  
( d a y s )
Ref j
214419 WN7 + 07 1 .6410  H ell P ick e rin g ; NIV A4058 
s e r i e s
0 .05 2 ;
186943 WN4 + B 9 .550  j H e ll A4686 i NV A4603, 
; NV A4619
0 . 8 3 :
C. D if f e r e n t e c c e n t r i c i t i e s  ( e )
HD Sp Line D erived
e
Ref :
214419 ; WN7 + 07 NIV A4058 0 . 0 2
H ell A4686 0 .35
211853 : WN6+BO:I: H e ll A4686) 
N IV A4058) 
N V A4603)
0 . 0 >
H7 , HÖ-11 \  
A bsorp tionJ 0 .4
29  CMaj : Of + OB Mean em issio n 0 .1 3 13
Mean a b s o rp tio n 0 .0 6
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Masses derived from the mass luminosity relationship 
together with the intrinsic luminosities derived for the LMC WR 
stars range from 20 to 60 solar masses (Westerlund and Smith, 1964). 
This indicates *eit>jr that 10 solar masses, derived from the 
eclipsing binaries, is an underestimate or that the stars are very 
overluminous for their mass.
I.8 Dimensions of WR stars
Calculations of the dimensions of WR stars depend on the 
spectroscopic orbits derived for eclipsing WR binaries and are 
therefore subject to the same sources of uncertainty as are the 
mass estimates.
To date ,only V444 Cygni has been subjected to detailed 
analysis. Light curves are available at A3550 (Hiltner, 1940), at 
>.4500 (Kron and Gordon, 1943), and at A7200 (Kron and Gordon, 1950). 
Spectroscopic orbits have been determined by Wilson (1941a), Keeping 
(1.947); and Munch (1950)• The spectroscopic orbit derived by 
Keeping differs significantly from those determined by Wilson and by 
Munch, while the last two are in good agreement. Table 1.8 gives 
the values derived by Kron and Gordon (Table 14) using the light 
curves at M -500 and ?\7200 and the spectroscopic orbit derived by 
Wilson. Their model is an elaboration of models proposed by Kopal 
(1944) and by Russell (1944), It represents the WR star: 
a) as a luminous body with a bright core surrounded by a symmetrical 
luminous region of lower surface brightness called the ’disk', and
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b) as an occulting object with an opaque core and a semi-transparent 
'envelope'.
Table 1.8
Dimensions of V444 Cygni; after Kron and Gordon (1950)
Dimension WR Star 0 Star
(Solar Units)
Radius of Orbit 26.2 10.5
Separation 36.6
Radius of components






Russell (1944) has determined the effect on the derived 
elements of different assumed values for the luminosity difference . 
Russell's model represents both stars as uniformly illuminated disks, 
but allows a different radius of the WR star at the two eclipses, 
i.e. as a luminous and an occulting body. His calculations show 
that the derived properties of the 0 star, the effective radius of 
the WR star as an occulting body, and the surface brightness of the 
WR star are relatively insensitive to the assumed luminosity ratio 
of the two stars. However,the derived effective radius of the WR
star as a luminous body and its density (assuming all the mass is
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c o n c e n tra te d  w ith in  th e  e f f e c t iv e  lum inous r a d iu s )  a re  v e ry  s e n s i t i v e  
to  th e  assumed r a t i o .  The d e r iv e d  v a lu e s  f o r  th e s e  q u a n t i t i e s  (from  
R u s s e l l 's  T ab le  2 ) a re  g iv en  in  Table I . 9*
T able I .9
E f fe c t  o f  Assumed L um inosity  R a tio  on D im ensions o f  V444 Cygni
V 1* 2 .0 3 .0 5 .0 6 . 8 1
«w - Mo (mas) 0 .75 1 .2 0 1 .75 2 . 0 8
yi™ ) / % 5 .0 4 .1 3 .0 1 .9
pw / p© 0 .0 9 0 . 1 6 0 .45 1 . 2 8
A ll o f  th e  e c l ip s in g  b i n a r i e s , hav in g  a WR s t a r  as  one 
component, w hich have been  so f a r  observ ed  show t h a t  th e  minimum 
o c c u rr in g  when th e  WR s t a r  i s  e c l ip s e d  i s  o f  s h o r te r  d u r a t io n  th a n  
th e  minimum o c c u rr in g  when th e  0 s t a r  i s  e c l ip s e d .  T h u s ,a l l  WR 
s t a r s  p ro b ab ly  e x h ib i t  a  d i f f e r e n c e  in  e f f e c t iv e  r a d iu s  when v iew ed 
a s  a lum inous and a s  an o c c u l t in g  o b je c t .  (F o r re fe re n c e  see 
T able 1 .6 ,  e s p e c i a l l y  CQ C ephei, H i l tn e r ,  1950)
I .9  O pacity  o f  th e  envelope
Kron and Gordon (1950) f in d  t h a t  th e  s lo p e  o f  th e  l i g h t  
cu rve  a t  p rim ary  minimum o f  V444 Cygni i s  c o n s is te n t  w ith  u n ifo rm  
a b s o rp tio n  o f  th e  l i g h t  o f  th e  0 s t a r  ov er th e  a n n u la r  a re a  betw een 
th e  r a d iu s  o f  th e  co re  and th e  ra d iu s  o f  th e  en v e lo p e . T h is  
in d ic a te s  t h a t  th e  envelope  i s  a t h i n  s h e l l .
2 6
The w aveleng th  dependence o f  th e  o p a c i ty  o f  th e  o c c u l t in g  
envelope i s  in d ic a te d  by th e  shape and d ep th  o f  p rim ary  minimum a t  
d i f f e r e n t  w a v e le n g th s . L ig h t cu rv es  a re  a v a i la b le  a t  A3550? a t  
M-500, and a t  A7200. The shapes o f  th e  minima a re  v e ry  s im i la r  in  
a l l  th r e e  c o lo u rs ,  b u t th e  d ep th s  a re  s l i g h t l y  d i f f e r e n t .  D e ta i ls  
a re  g iven  in  T ab le  I . 10 .
CQ C ephei d is p la y s  s im i la r  p r o p e r t i e s .  L ig h t cu rv es  a re  
a v a i la b le  a t  A3550 and a t  A5300. The shapes o f  th e  minima a re  th e  
same a t  b o th  w a v e le n g th s , b u t th e  d ep th s  d i f f e r .  D e ta i ls  a re  g iven  
in  th e  t  a b l e .
Both minima o f  CQ Cephei and th e  p rim ary  minimum o f  V444 
Cygni a re  d e e p e r  a t  s h o r te r  w av e len g th s , w h ile  th e  secondary  minimum 
o f  V444 Cygni i s  d e e p e r a t  lo n g e r  w av e len g th s .
T able I . 10
D epths o f  Minima a t  D if f e r e n t  W avelengths
S ta r Component
E c lip s e d
A3550 M -500 A5300 A7200 Ref
V444 Cygni OB 0?31 0?30 0?29 6 , 1 0 ,1 1
WR - 0 .1 4 0 .1 7
CQ Cephei WR 0 .5 2 0 0 .474 7
OB 0.425 0.391
I t  a p p e a rs  t h a t  th e  envelope (and  p o s s ib ly  th e  d is k  a l s o )  
i s  assym m etric . Three o u t o f  th e  f iv e  e c l ip s in g  b in a r i e s  in  T able
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1 .6  show assym m etric  e c l ip s e s .  Table I . 11 shows th e  p o s i t io n  o f  th e  
s te e p e r  b ran ch  o f  th e  l i g h t  cu rve  a t  each minimum. Both sen ses  o f  
assym m etry a re  o b se rv ed , b u t each  system  d is p la y s  th e  same shape a t  
b o th  minima. The sense  o f  th e  assym m etry ap p ea rs  to  be c o r r e la te d  
w ith  th e  s p e c t r a l  ty p e  o f  th e  WR component - th e  two b in a r i e s  
c o n ta in in g  WN5 s t a r s  have sym m etrica l minima, th e  two system s w ith  
WN6 and WN7 com ponents d is p la y  s te e p e r  b ran ch e s  a t  in g re s s  th a n  a t  
e g re s s ,  w h ile  th e  on ly  system  w ith  a WC component d is p la y s  a  s te e p e r  
b ran ch  a t  e g r e s s .
T able I . 11
P o s i t io n  o f  S te e p e r  Branch o f  L igh t Curve
Prim ary  Minimum Secondary Minimum
HD Sp. ty p e  s te e p e r  a t . : s te e p e r  a t .  :
: In g re s s E gress Equal In g re s s ;E g re s s ;  Equal
168206 WC8 + OB X n o t o b served
193576 WN5 + 06 X x
MR I l k WN5 + OB X i x
211853 WN6 + BO:I: ? n o t o bserved
214419 WN7 + 0 7  X X
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I .10 Intrinsic Variability
Small variations in both magnitude and spectral appearance 
are common. These occur in both single and binary stars super­
imposed on variations due to the presence of a companion. WN stars 
appear to be variable more often than WC stars. Examples of various 
types of variation are given below.
The spectrum of HD 50896 (WN5) displays non-periodic and 
uncorrelated variations in the line profiles and apparent velocities 
of emission lines of Hell, NIV, and NV (Wilson, 1948b). In the 
spectrum of HD 193920 (WN6+0B), the NIV A405Ö line frequently 
displays a narrow band superimposed on the broader band. The 
position of the narrow band with respect to the broader one is 
variable and does not appear to be correlated with phase (Hiltner, 
1945a).
HD 93131 and HD 92740 (WNT) display variations in the 
intensities of emission lines of Hell and in the strengths of the 
violet absorption edges of SilV and NV (Smith, 1955 P*99)*
Variations in the strength of violet absorption edges are 
common - e.g. in the spectra of y2 Velorum (WC8+07)> HD 152270 
(WC7+05-8), and HD 165688 (WN6 ) (Smith, 1955 p.152), and V444 Cygni 
(WN5+06) (Munch, 1950).
Intrinsic light variations superimposed upon the periodic 
eclipse light curve have been noted for V444 Cygni (Kron and Gordon, 
1950) and for HD 211853 (Hjellming and Hiltner, 1963) of the order
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of 0.01 mag and 0.08 mag respectively. Gaposchkin (19^2), from 
measurements on Harvard patrol plates, lists eight WR stars in Cygnus 
and Carina as variable, or possibly variable, with no evidence of an 
eclipse.
I.11 Red Shift of Emission Lines
In binaries, the emission lines of the WR stars always give 
a different mean velocity than do the absorption lines of the OB 
companion. Hiltner (l9^5a, 1951) summarises the results available 
at the tine and concludes that the mean velocity obtained from Hell 
M-686 is always of the order of 100 km/s greater than that obtained 
from the absorption spectrum. Data for other systems may be found 
in the references given in the notes to Table 1.6 and these 
corroborate the above conclusion.
Wilson (19^ -la) concludes, from a comparison of the mean 
velocities derived for VW+ Cygni (HD 193576) with the velocities of 
early-type stars in the vicinity, that the mean velocity derived from 
the absorption spectrum is more likely to represent the velocity of 
the system than is the mean velocity derived from the Hell A4686 line.
The effect appears to be a property of the WR star rather 
than due to an interaction between the WR and its companion. The 
evidence is as follows: l) The same velocity difference is observed 
in the system HD 190918 (Wilson, 19^8a), which appears to be nearly 
pole-on. 2) The emission lines of HD 151932 (Struve, 19^*0, a 
single WN7 star in the galactic cluster NGC 6231, yield a mean velocity
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which is 52.5 km/s greater than the mean for ’normal' stars in the 
cluster. 3) The emission lines of the Of star in the spectroscopic 
binary, 29 Can Maj, indicate a mean velocity which is 66 km/sec 
greater than that obtained from the absorption lines originating 
from the Of star (Struve and Sherman, 19^1).
Wilson (19 -^lb) suggests that the phenomenon may be due to 
the influence of a violet shifted absorption component. This 
suggestion is supported by the observations of HD 151932 (WNT) by 
Struve (19^*0, who finds some correlation between the amount of red 
shift and the strength of the violet absorption edge. However, it 
is found that violet absorption edges can appear or strengthen 
without a corresponding change in the observed velocity (Münch,
1950; Hiltner, 19^5b), and that severe redshifting can occur 
without any indication of violet absorption edges (Hiltner, 19^ -5a; 
Wilson, loc. cit.).
Alternatively,Wilson (loc.cit.) suggests that the red 
shifts may be due to a gravitational effect. In this case, the 
emitting shell would have a radius less than ~0.1 ^  , a 
correspondingly high density, and an effective temperature of the 
order of 10s °K.
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I•12 Models
All of the models for WR atmospheres which have been 
suggested to date are open to objections of one sort or another 
It is agreed that the emission lines originate in an extended 
atmosphere in which the emitting ions have high velocities. A 
brief outline of the other characteristics of the various models 
that have been proposed is given below.
To account for the width of the emission lines, Beals 
(1929) proposed that the emitting envelope is generated by fast, 
smooth and continuous ejection from the nucleus. The velocities 
of ejection greatly exceed the escape velocity, the greatest radial 
velocities occurring in the outermost regions. The ionisation is 
due to the radiation from the nucleus and decreases outwards. This 
theory has been widely criticised, mainly on the grounds (Wilson, 
19A2) that it predicts either a marked phase lag of spectroscopic 
eclipse behind photometric eclipse or a considerable violet shift of 
the emission lines due to occultation of part of the atmosphere by 
the nucleus. Observations of Vhkb Cygni show that neither 
phenomenon occurs. Wilson (loc.cit) also notes that in binaries 
like V444 Cygni the presence of the 0 star would undoubtedly ionise 
the upper layers of the WR atmosphere, completely disrupting the 
proposed stratification.
Thomas (19^9) proposes an atmosphere supported by large 
scale turbulence in which the kinetic temperature is greater than
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the radiation temperature. In such an atmosphere the Boltzmann 
and Saha equations do not obtain, and the excitation temperature 
is undefined. The atmosphere is not stratified, but turbulent 
velocities will tend to decrease in the outer parts of the atmosphere. 
The observed ionisation potential - bandwidth correlation implies 
that ions of higher excitation occur higher in the atmosphere.
Thomas demonstrates that the velocities required to support the 
atmosphere are of the order of those observed.
Münch (1950) calculates the effect on the line profiles 
of an extensive electron atmosphere with a temperature of 80,000°K.
He finds that lines already broadened by Doppler effects become 
further broadened as the radiation passes through such an atmosphere. 
In this way, the necessary velocities of mass motion are reduced by 
a factor of about two. He proposes that matter leaves the nucleus 
by the action of impulsive forces producing many discrete jets 
(analogy is made with large solar prominences). Random variation 
of emission profiles, particularly of lines originating from ions 
with low ionisation potential, is due to statistical fluctuations in 
the number and strength of the ejecting bursts. The matter is 
radially decelerated and ionisation, caused by the dissipation of 
kinetic energy of mass motion, increases outwards. The inner layers, 
with the lowest ionisation, would thus be shielded from the ionising 
radiation of a companion 0 star.
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Sahade (1958a) has suggested an elaborate model for V444 
Cygni involving a common envelope for both components and gas- 
streaming from the WR star to the 0 star.
Recently Limber (1964) has suggested that the emission 
shell is generated by forced rotational instability, producing 
tangential ejection. The emission shell is close to the star so 
there is no predicted transit effect. Because the ejection is 
tangential, occultation by the nucleus does not generate violet 
shifted lines. The theory provides a reasonable mechanism for 
mass ejection, correctly predicts the line width correlations with 
wavelength and ionisation potential, and may explain the variations 
of the intensities of the lines with phase in binaries. It does 
not offer an obvious explanation for the redshifted emission lines, 
or for the violet absorption edges which are sometimes observed.
It predicts a marked variation of the line profile during eclipse 
which has not, so far, been observed.
Code and Bless (1964) also suggest a model which differs 
significantly from the older theories. They propose prominence­
like ejection into a thermalised envelope. The line widths are due 
to the velocity range within each prominence rather than to 
symmetrical, large scale mass motions. They reason that 
collisional ionisation would generate the observed range of 
ionisation, with the most highly ionised ions having the lowest 
kinetic energy. The theory clearly has some advantages but 
details have not yet been worked out.
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1.13 Evolution of WR Stars
Suggestions regarding the evolution of WR stars are 
generally based on estimates of the ages of these stars. The age 
estimates depend on the objects with which the WR stars are 
associated.
Sahade (1950b) suggests that WR stars are still contracting* 
and have not yet reached the main sequence. This is based on the 
observations that WR stars are the less massive components of 
binary stars in which the other component is a young 0 or B star. 
Sahade reasons that the WR star must be less evolved than the 0 or 
B star, since " rate of evolution depends principally on mass.
An objection to this hypothesis is that WR stars are very 
luminous and appear at the turn off point of the main sequence in 
the HR diagrams of clusters and associations in the LMC (Westerlund, 
I96I), and in the giant region of the HR diagram of the galactic 
cluster NGC 6231 (The Walravens, i960). Also it seems that the 
density (l.l p^, determined by Kron and Gordon, 1950) is too high 
for consistency with this model. Sahade (1965) has pointed out 
that this value is uncertain. If the luminosity ratio, (0 star)/
(WR star), is less than 5*0,(determined by Beals, ' 19^0 (see Table 
1.9), then the density will be much less.
Roberts (1958); on the basis of the observation that WN 
stars occur more frequently in associations than do WC stars, 
suggests that WN stars evolve into WC stars on a time scale of
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the order of the evaporation time of associations. This is not 
supported by the observation of Westerlund and Smith (196b)
(Table 3) who find that, in the IMC, a larger proportion of WC stars 
are members of associations than are WN stars. It should also be 
pointed out that statistics of association membership in the Galaxy 
are poor.
Westerlund and Smith (1964) suggest that WN stars evolve 
with mass loss from a luminosity of -5.8 mag to -3.8 mag (magnitudes 
corrected for emission lines). This suggestion is based on the 
observation that the most luminous WN stars in the LMC occur in 30 
Doradus (probably the youngest region in the LMC), stars of 
intermediate luminosity are in young associations, while field 
stars are the least luminous.
The theories of evolution of WR stars outlined above 
depend on properties of WR stars which are very poorly known. To 
test these hypotheses we should like to know:-
1. The spectral subclasses of WR stars in the IMC.
2. The similarity of WR stars in the D C  to those in the 
Galaxy.
3. The relationship between luminosity and spectral subclass 
or some other observable parameter.
4. The distribution of subclasses of WR stars in both the 
LMC and the Galaxy with respect to OB associations and 
to HIT regions.
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5. The positions of WR stars in the HR diagram after their 
colours are corrected for the effects of emission lines.
6. The masses and the dimensions of nebulae associated with 
WR stars.





II .1 The Search for WR Stars
The UVIC has been searched for WR stars by Westerlund 
and Rodgers (1959); and by Westerlund and Smith (1964). Feast, 
Thackeray and Wesselink (i960) found five additional WR stars in 
the central parts of the 30 Doradus nebula during a spectroscopic 
survey of bright stars in the LMC. All of the known WR stars in 
the m e  are catalogued by Westerlund and Smith (loc.cit.). In the 
SMC, only two WR stars are known (Buscombe et al., 1954) - one 
found in the HD survey and confirmed by Feast et al., the other 
found by Cannon (1933) and confirmed by Westerlund (1964a).
Spectroscopic data from this and previous studies for 
WR stars in the Magellanic Clouds are given in Table II.4.
Galactic WR stars reported up to 1961 have been 
catalogued by Roberts (1962). This catalogue has been checked 
and extended. The material used for the search consists of 
objective prism plates taken with the 20/26-inch Schmidt telescope 
of the Uppsala Southern Station. The dispersion is 480 A/mm at 
H7 . All plates were taken on Eastman Kodak IIa-0 emulsion with 
no filter.
39 plates taken by the Uppsala observers, Drs C. Roslund 
and G. LyngS for the Uppsala Observatory were kindly made available 




the special request of the author. These were centred on positions 
of WR stars which were included in Roberts' catalogue but which were 
not adequately identified in the literature. Most plates were 
exposed for 20 min with the spectra widened 0.2 mm. Five plates 
were exposed for 30 min with the spectra widened to only 0.15 nun. 
Each plate covers a field of 3°7 x 3?7 The area observed is shown 
in Figure II.1 and amounts to 436 square degrees (measuring only the 
area between S,^  = ±5° and south of declination -10°).
Experience has shown that, on a 20 min plate, emission 
lines can be detected for a WR star as faint as v = 15 mag. All 
WR stars brighter than v = 14 mag have probably been found in the 
area searched. 0 and B stars on the same plates can be identified 
to only about 12th magnitude. The five 30 min plates should reach 
all WR stars brighter than v = 14.7 mag.
If a star listed by Roberts was not detected on the
available objective prism plates, it was deleted from the catalogue.
The only exception is Roberts no. 45, which was reported by Lindsay
(1954) to have spectral type WC7 and m ~ 14.7 mag. This starPS
does not appear on a 30 min objective prism plate, so it must be 
rather fainter than v = 14.7 mag.
The stars that have been deleted are listed in Table II.1, 
which gives in successive columns:
1. Number of the star in Roberts' catalogue, referred to below
as the MR number
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2 . HD number
3, E q u a to r ia l  c o -o rd in a te s  fo r  equinox 1900
5 . P h o to g rap h ic  m agnitude, m
PS
6. S p e c t r a l  ty p e  from th e  p re s e n t  d a ta
7 . R eference to  th e  d is c o v e ry  (num bers) and s p e c t r a l  c la s s  
( l e t t e r s )  .
P h o to g rap h ic  m agnitudes and re fe re n c e s  to  th e  d isc o v e ry  a re  th o se  
quo ted  by R o b e rts .
Of th e  15 s t a r s  in  t h i s  t a b l e ,  one i s  an 09 s t a r ,  two a re  
Of s t a r s ,  and two a re  n e b u la e . The rem ain ing  te n  were t e n t a t i v e l y  
c l a s s i f i e d  as  WR s t a r s  by H enize on th e  grounds o f  p e r c e p t ib ly  
w idened HÖ e m iss io n . Dr. H enize has k in d ly  a llo w ed  th e  u se  o f  h is  
c h a r t s .  From th e s e ,  th e  s t a r s  r e s p o n s ib le  f o r  th e  H3 em issio n  have 
been  r e i d e n t i f i e d  and s tu d ie d  on th e  b lu e  o b je c t iv e  p rism  p la te s .
No em issio n  s p e c tr a  have been  found a t  th e  p o s i t io n s  o f  th e s e  s t a r s .  
S ince  H en ize ’s p la t e s  re a c h  an 1 1 th  m agnitude AO s t a r ,  th e y  would 
p ro b ab ly  show th e  em issio n  l i n e s  o f  a WR s t a r  as  f a i n t  as l 4 t h  
m agnitude. U n less  such  a s t a r  i s  v e ry  reddened , i t s  em issio n  l i n e s  
sho u ld  a ls o  ap p e a r on o u r o b je c t iv e  p rism  p l a t e s .  Thus, i t  seems 
t h a t  none o f  th e s e  s t a r s  has s tro n g  e m issio n  in  th e  b lu e ; th e y  
a re  p ro b ab ly  a l l  o f  ty p e  Be.
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T able I I .1
S ta r s  D e le ted  from R o b e r ts ’ C ata logue  o f  WR S ta r s
: MR HD R.A. (190 0 ) Dec iruPg
Sp Ref
8 07 39.2 -29  04 Be? i,a
! 14 08 45 .4 -45 43 Be?? l , e
I  18 09 50 .0 -54  24 B9e? l , b
22 10 1 8 .0 -57  36 Be?? l , e
24 91421 10 2 8 .2 -57  43 9 .1 09 2 , a
1 27 93128 10 40 .1 -59  02 8 .5 05f v a r 3 , 7 , a  ;
j 35 11 04 .4 -60 11 Be? 1 , d
! 37 11 1 0 .3 -60 46 Be? l , d
i 1+1 12 0 6 .0 -61 56 Be? l , d
i  59 16 1 3 .3 -36 24 Be? 1 , d
61 16 19 .5 -51  12 B9e? l , c
; 63 16 45 .1 -25 49 Neb 4 ,b
j 78 163758 17 52 .7 -36 00 7 .1 07 f 5 , a
: 81 17 56 .7 -18  05 Be?? l , e
; 92 19 1 2 .8 -11 16 Neb 6 , c
R eferen ces
1 . H enize, K.G. (1961) P r iv a te  com m unication to  R oberts
2 . H o f f i e i t ,  D. (1956 ) A p .J . 124 , 6 l
3 . Payne, C.H. (1927 ) H.B. 846 , 10
4 . M ayall, M.W. (1 9 5 1 ) H.B. 920 , 32
5 . Flem ing, W.P. (1912) H.A. 56, I65
6 . M e r r i l l ,  P.W. and B urw ell, C.G. (1 9 5 0 ) A p .J . 112 , 72
7 . F lem ing, W.P. (1898) H .C irc . 32
a . C la s s i f i e d  from Z e is s  spec trog ram s
b . C la s s i f i e d  from a  spectrum  o b ta in e d  w ith  th e  N ebu lar S p ec tro g rap h
c . C la s s i f i e d  from a b lu e  o b je c t iv e  p rism  spectrum
d. Only a f a i n t  co n tin u o u s  spectrum  on ou r b lu e  o b je c t iv e  p rism  p la te
e . No spectrum  v i s i b l e  on o u r b lu e  o b je c t iv e  p rism  p la te
bl
Sixteen WH stars have been added to the catalogue. Twelve 
were found on objective prism plates; because the spectra are faint 
and the fields crowded, three of these are only tentative. Two 
were reported by Pik Sin The (1963, 19^5)> one was reported by 
Hiltner and Schild (1966), and one, reported by Cannon and May (1936) 
but net included in Roberts' catalogue, has been confirmed. These 
are included in the final catalogue of galactic WR stars, Table II.3»
From the apparent magnitude distribution of the newly 
found WR stars we may estimate the completeness of the catalogue in 
the region studied, i.e. south of declination -10°. The northern 
hemisphere has probably been more thoroughly searched and must be 
considered separately. Since WR stars are found only near the 
galactic plane, we consider only the region between new galactic 
latitudes = ±3°. The total area between these limits is about 
1560 square degrees, of which approximately 25% has been searched in 
the present program. Table II.2 contains the number of WR stars 
found within successive magnitude intervals, and the number 
previously known (south of declination -10° and excluding stars 
listed in Table II.l). Numbers in brackets represent stars which 
are only tentatively classified as WR, or for which only eye 
estimates of the magnitude are available.
The only newly found WR star brighter than 12th magnitude 
is the star previously reported by Cannon and May. If we assume 
that there are no other such omissions, then the catalogue appears 
to be complete to v = 12 mag.
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On the assumption that the catalogue is complete, for the 
area searched, to a limiting magnitude of v = 14 mag, columns 5 and 
6 of Table II.2 give completeness estimates for the catalogue in 
the magnitude interval, a to b, specified in column 1, and to the 
limiting magnitude, b, respectively.
Table II.2


















< 1 0 1 0 22 22 100$ 100$
i10-11; 1 10 33 100 $ 100$
;11-12 ; 0 14 47 100$ 100$
:12-13 2 14 63 90%
13-14; 4(+2:) 6 75 4o$ 7 5%




All 0 83 very incomplete
Fainter than v = 14 mag, the present search is very
incomplete and so also is the catalogue.
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The catalogue of galactic WR stars is given in Table II.3> 
which contains in successive columns:
1. Current number - henceforward called LS number.
2,3* MR and HD numbers*
4,5* Equatorial co-ordinates for equinox 1900*
6,7* Galactic co-ordinates in the new system*
8. Spectral type as defined in section II.3* Classifications
derived from photometric criteria are given in brackets, ().
9* v-magnitude (see Table II.17) from this study or from
Westerlund (1966). When a v-mganitude is not available, this
column contains m , as given by Roberts, in round brackets, (),
m , as given by Roberts, in square brackets, [], or an eye Pg
estimate of the magnitude, made from a visual photographic plate, 
marked with an asterisk, *.
10. References to the source of the spectral classification 
(numbers) and to the discovery (letters). For binaries, the 
classification of the companion is usually that quoted by Roberts, 
Smith (1955); or Westerlund (1964), and the numbers in the reference 
column refer to those papers. References to the discovery of WR 
stars in Roberts’ catalogue are given by him and are not repeated 
here. References are given to the original papers only for stars 
discovered since 1961.
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T ab le  I I . 3
C atalogue o f  G a la c tic  WR S ta r s
LS i MR HD R.A. ( l 900 )Dec ! I “  : i l l  ; Sp ty p e y Ref
1 ; 1 4004 : 00 37.5  ;+64 14 11 2 2 .1 : +1 .9  : WN5 10 . 5^ 2
2 : 2 6521 : 00 5 9 .2  1+59 53 ! 124 . 6 ; - 2 .4 : W(He) 11.45 2
3 : 3 9 9 7 k  ; 01 32.4  ;+57 39 i 1 2 9 .2 ' - 4.1 WN3 10.79 2
4 : 4 16525 ; 02 33.9  :+56 18 : 1 5 7 .6 . - 3 .0 WC 6 1 0 .6 1 2
5 5 17638 1 02 44 . 81+56 31 1 5 8 .9 - 2 -2  : WC6 1 1 .1 2 2
6 6 50896 ; 06 5 0 .O j-23 48 234.8 - 1 0 .1 WN5 6 . 9^ 1 , 2 ,3
7 7 56925 07 13 . 9 i -13  03 2 2 7 .8 - 0 .1 WN5 1 1 .7 ^ 1 ,2
8 9 62910 ; 07 4i . 1 |-3 1  ^1 247 1 - 3-8 WN6 -C7 10.56 2 ,3
9 10 63099 ; 07 42 . 0 :-34  05 2 ^ 9 .5 - 4 .8 WC6
+07:1
11.04 2 ,3
10 11 65865 07 55 . 7 - 2 8  28 246.0 + 0.6 WN4 . 5 1 1 .0 8 2 ,3
11 12 68273 08 0 6 .5 ; - 4 7  03 2 6 2 .8 - 7 .7 WC8+07 l . j b 1 , 2 ,3
12 13 cD -450
4482
08 4l . 4 ; -45  37 2 6 5 .2 - 2 .0 (WN6) 1 1 .0 6
13 15 08 46 . 4 - 4 4  48 2 6 5 .1 - 0 .8 WC6: 
(+ 0B)
1 5 .8 5 8,13
14 16 76556 08 5 1 .6 : - 4 7  13 2 6 7 .6 - 1 .6 WC6 9.42 1 ,3
15 IT 79573 09 0 9 .8 ; - 4 9  42 271.4 - 1 .1 WC6 11.73 3
16 19 86161 09 5 1 .6 : - 5 7  15 2 8 1 .1 - 2 .6 wn8 8.43 1 ,3
IT 09 5 9 .2 ! - 6 l  26 284.4 - 5.4 WN 15* 8 , a
18 10 0 0 .8 ; - 6 0  13 2 8 3 .8 - 4.2 WN 13 . 5* 8 , a
19 20 88500 10 0 7 .2  -6 0  09 : 284.4 - 3 .7 WC7
(+ 0B)
11.11 3
20 21 89558 10 13 . 5 :-57  25 i 2 8 3 .6 - 1 .0 WN5 1 1 .2 0 1
21 10 1 4 . 7 :-5 7  ^6 ; 283.9 - 1 .2 WC5+0B 1 5 .8 5 1 , a
22 23 90657 10 2 2 .9 : - 5 8  08 ' 2 8 5 .0 - 0 .9 WN4-C
+0B
9.8O 1 ,3
23 25 92740 10 37 . M -59  09 ; 2 8 7 .2 - 0 .8 WN7 6.44 1 ,3
24 26 92809 10 37-8 ; -5 8  15 I 2 8 6 .8 0 .0 WC6 9.71 1 ,3
25 28 93131 10 4o . i ; -59 36 : 287.7 - 1 .1 WN7 6.49 1 ,3
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T able l i e 3 (con tinued .)
Catalogue of Galactic WR Stars
LS MR: HD R .A .(1 9 0 0 )Dec ; i 11 f.n Sp ty p e  i V Ref
26 29; 93162 10 4 0 .3  -59 12 287 .5 -0 .7 WN7+07 ; 8 .1 7 1 ,5
27 10 4 0 .9 ;-5 8  17; 287 .2 +0.1 WC6+0B 14 .73 1, a
28 30: 94305 10 4 7 .9 ;-6 1  46; 289 .5 -2 .6 WCb+OB 12 .73 1
29 3 1 : 94546 i 10 4 9 .7  -3«  59: 288.5 0 .0 WN4 
+B0n::
10 .69 1 ,5 ,
30 32; 10 5 4 .7 :-6 0  39 28 9 .8 -1 .2 wn8+ob 10 .8 8 1
31 33: 95435: 10 5 5 .8 ;-5 7  17 288 .5 +1.9 WC5 12 .34 1
32 10 5 6 .3 :-6 0  54; 290 .1 -1 .4 WR: 14* 8. a
33 10 5 8 .5 :-5 8  54; 289 .5 +0.5 WR 13 .5* Q , a
34 34 96548; 11 0 2 .3 - 6 4  58: 292 .3 -4 .8 WW8 7.85 1 ,5
35 11 0 3 .9 ; --60 55 1 290 .9 «1 .0 WC6:
+0B:
14 8, a
36 36 : 97152 ; 11 0 5 .8  -60 26; 29 0 .9 -0 .5 WC7
+B0V:
8 .25 1 ,5
37 38; 97950 : 11 1 0 .8 ;-6 0  43; 291 .6 -0 .5 OB+WW (6 .8 ) 8 ,3
38 59; 11 1 2 .5 :-5 8  53; 291 .2 +1.3 WU4 12 .96 1
39 40; 104994 : 12 00 .2  - 6 l  29; 297 .6 +0.4 WN3 10 .96 1 ,5
4o 42 : 12 3 7 .9 ;-6 2  32; 302.1 -0 .2 WN6 11 .09 1
4 l 43 113904 : 13 0 1 .7 ;-6 4  46 j 304 .7 -2 .5 WC6
+09.51
5 .69 1 ,5
42 44 ; 13 1 1 .5 ;-6 1  5 4 i 306 .0 +0.3 (WC6) 12 .4 9 15
43 45': 13 1 1 .9  -61 57: 306 .0 +0.2 WC7: [>14.7 ] 15
44 46 i 115473 13 1 2 .2 - 5 7  57; 306.5 +4.5 WC5 9 .9 8 1 ,5
45 47; 117297 : 13 2 4 .2 : - 6 l  54: 307 .5 +0.4 W C J 11 .06 5
46 48: 13 2 5 .8 ;-6 4  30: 307 .3 -2 .5 W N k 1 2 .99 1
47 13 2 6 .8 :-6 3  36 307.5 -1 .6 WC6 1 3 .97 1 , a
48 49; 117688; 13 2 6 .8 :-6 1  48: 307 .8 +0.2 WW6-C 1 0 .87 5
49 5 °; 119078: 13 3 5 .9 ;-6 6  54^ 30 7 .9 -5 .0 WC7 10.11 1 ,5
50 51 13 4 l . 8 : -65 12 308 .8 -3 .5 WN5 13 .08 1
-5
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T ab le  I I . 3 (c o n tin u e d )
C ata logue  o f  G a la c tic WR S ta r s
LS MR HD R .A .(1900)Dec ; 2 1 1 i 11 Sp ty p e V Ref :
51 32 : 121194 13 48 .8 ;-60  4o : 310.6 +0.8 WC7 13.25 1
52 13 58.3--64 07 ; 310.8 - 2 . 9 (WC9: ) 13-68 a
53 53 j 14 05.3■-64 58 ; 311.3 -3 .9 wn6 12.56 1  ;
54 54 j 134877 15 0 7 .1 -5 9  28 j 520.1 -1 .8 wn8 I I . 7 I 1
55 55 : 15 07 .7 :-58  40 : 320.6 -1 .2 wn6 12.21 1
56 56 i 136488 15 15 .8 :-62  19 : 319.5 -4 .8 WC9 9.43 1,3  j
57 5 7 : 137603 15 21.81 - 5 8  14 ! 522.3 -1 .8 WC9+0B 10.15 ! ,3  j
58 15 2 2 .1 i-61 57 : 520.3 -4 .9 WR: 14.57 8 , a :
59 58 ; 143414 15 5 5 .0 :-62 24 I 523.1 -7 .6 WN6 10.22 1,3 j
60 60 ; 147419 16 16.81-51 18 : 332.8 -1 .5 wn6 11.42 3 j
61 62 ; 16 33-9:-47 49 ; 337.3 - 1 . 1 WC9+0B 13.16 1
62 64 I 151932 16 45 .5 :-41  4 i j 543.2 +1.4 WN7 6.61 1,2,3;
63 65 : 152270 16 4 7 .5 : -4 l 4o i 343.5 +1.2 WC7 6.95 1 ,2 ,3
+05-8
64 66 j 16 55.3;-45 50 ; 341.1 -2 .6 (WC9) 12.75
65 16 56.8;-45 05 i 341.9 -2 .4 WF7 12.42 l , a  ;
66 6 7  i 17 03.6 -46 28 i 341.5 -4 .1 (WN6) 12.79
67 17 04 .4!-39  45 ; 347.1 -0 .2 WW6 13.55 i , b  ;
68 17 10 .2 :-45  25 1 343.0 -4 .4 (WC9): 15.1 a
69 68 : 156327 17 11 .8 ;-34  18 : 352.2 +1.8 WC7 9.73 1 ,2 ,3
+B0V
70 69 : 156385 17 12 .1 :-45  32 j 343^2 -4 .8 WC7 7.45 1 ,2 ,3
71 70 ; 17 12 .2 :-3 8  57 : 352.6 +2.0 WN8+0B 11.64 1
72 71 : 157^51 17 18 .2 ;-43  24 ; 345.5 -4 .4 WC9 IO.60 3
73 72 i 157504 17 1 8 .5 '-3 4  06 : 353.2 +0.8 WC6 11.46 3
(+0B)
74 73 : 158860 17 26.5 -33 33 ; 354.6 -0 .2 (WN6) 12.27 3
75 74 : 17 29 .7 :-33  22 ; 355.1 -0 .7 (WN5):: 14.10
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T able I I . 3 (c o n tin u e d )
Catalogue of Galactic WR Stars
LS MR HD R .A .(1900 )Dec i l l ; Sp type v ; Ref
76 75 320102 17 50 . 5 :-33  58 354.7 -1 .1 OB+WN 11.15  ;1
77 76 17 30 . 6 :-3 3  24 355.2 -0 .9 WC7-N6 12.51  1
78 77 17 3 5 .6 :-3 2  30 356.5 -1 .3 WN6 13.44  1
79 79 164270 17 55-2 :-3 2  43 358.5 -4 .9 WC9 ; 9 .01  i  1 ,2 ,3
80 80 17 56 .O !-23 38 6 .4 -0 .5 (WC9 ) 13 .54  13
81 82 17 58 . 91-21 12 8 .9 +0.1 WC9 1 2 . 3 6 : 7
82 17 59 . 4 ;-2 3  09 7 .3 -1 .0 OB+WN ; 1 0 .16  :8 ,c
83 83 165688 18 02 . 1 :-1 9  25 1 0 .8 +0.4 WN6 ! 10 .23  -1 , 2 ,3
84 84 165765 18 0 2 .5 ;-2 1  16 9.2 -0 .6 WC5 j 8 .25  1 ,2 ,3
85 85 168206 l 8  13 . 5 ;-11  40 1 8 .9 +1.8 WC8
+BO:
; 9-43  2.17
86 86 169010 18 1 7 .5 i -13  46 17.5 -0 .1 WC5 I 12.92  7
87 87 18 19 . 81-14  42 1 7 .0 -1 .0 WN6 j 12 .26  :1 ,4
88 88 18 2 5 .7 ;-0 6  4l 24 .7 +1.5 WC7 (1 5 .3 4 )  4
89 18 3 2 .5 1 -1 0  12 22.4 -1 .6 WC9 j 12.5  2 , d
90 89 18 3 6 .O -^04 33 2 7 .8 +0.2 WN7 | ( n . 9 4 ) i  2
91 90 18 39 -2 ;-0 3  54 2 8 .7 -0 .2 WC9 1(1 1 . 94 ): 2
92 91 177230 18 5 8 .7 i-04  28 30.5 - 4 .8 WN8 k i i . i )  2
93 93 19 2 4 .o i+19 23 54 .5 +1.0 WC5 ; 13.48  k
94 94 186943 19 4 2 .2 j +28 01 64.0 +1 .7 WN4+B : 10 .36  2 ,1 6
95 95 187282 19 44 . 11+17 57 55 .6 - 3 .8 WN4 i 10 .56  2,17
96 96 19 44 . 3 :+30 12 66 .2 +2 .4 ; WC: [1 3 .4 ]  12
97 97 19 56 .4 ;+ 32  59 6 9 .9 +1 .7 WN7 : 12 .30  j 4
98 98 190002 19 57- 8 ;+32 18 69 .5 +1.1 ; WC7 ; 11.55  i 4
99 99 190918 20 02 . 2;+35 31 72.7 +2.1 ; WN4 . 5
; + 0 9 .51a
7.48  ; 2 ,1 6
100 100 191765 20 06 . 5 + 3 5  53 73 .4 +1.6 ; WN6 ; 8.31  2
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T ab le  I I . 3 (co n c lu d ed )
C ata logue o f  G a la c tic  WR S ta r s
LS j MR : HD R .A .(!900)D ec f 11 I 1 1 Sp ty p e V Ref
101 ' 101 192103 20 08 .1 +35 5^ 7 5 .6 ; +1.3 wc8
(+0B)
8 .51 2 ,1 6
102 ; 102 192163 20 0 8 .4 +38 03 75 .5 +2.4 WN6 7.73 2
103 ; 103 192641 20 1 0 .8 +36 21 74. J +1.1 WC7+Be 8 .18 2 ,1 6
104 ; 104 193077 20 1 3 .3 +37 07 75 .2 +1.1 WN5
(+0B)
8 .21 2 ,1 6
105 : 105 228766 20 1 3 .8 +37 00 75 .2 +1.0 WN7 +0 9 .33 11
106 | 106 195576 20 1 5 .8 +38 25 7 6 .6 +1.4 WN5+06 8 .27 2 ,1 6
107 : 107 193793 20 1 7 .1 +43 32 8 0 .9 +4.2 WC7p
+05
7 .1 9 2 ,1 6
108 j 108 193928 20 1 7 .8 +36 36 75 .3 +0.1 WN6+0B 10 .15 2 ,1 8
109 ; 109 195177 20 2 4 .7 +38 17 77-5 0 .0 WC5
(+0B)
12.32 2 ,1 6
110 110 20 2 8 .5 + 4 o 55 8 0 .0 +0.9 WC5 [15.51 6
111 111 20 2 8 .5 + 4 o 28 79 .7 +0.7 WN7: [1 4 .0 ] 6
112 112 bd+4o°
4243
20 32 .3 +4l 00 80 .6 +0.4 WC5 [1 5 .5 ] 6
113 113 197406 20 38 .4 +52 14 90 .1 +6.5 WN7 10.50 2
114 21 4 6 .4 +50 13 96 .1 -2 ,5 WC6: 2 ,e
115 114 22 0 6 .1 +57 13 102 .6 +1.4 WN5+0B 1 2 .4 0 : 5
116 115 211564 22 1 2 .9 +55 07 102 .2 -0 .9 WN3 11 .6 2 : 2
117 116 211853 22 1 5 .0 +55 37 10 2 .8 -0 .6 WN6 
+B0: I :
9 .2 0 2 ,1 7
118 117 213049 22 2 3 .7 +55 46 10 3 .9 -1 .2 WC5: I I .6 9 14
119 118 214419 22 3 2 .9 +56 23 105 .3 -1 .3 WN7+07 8 .94 2 ,1 7
120 H 9 22 56.1 +60 24 10 9 .8 40 .9 wn8 I I .1 8 2
121 120 219460 23 1 0 .8 +59 55 111 .3 -0 .2 WN4.5 
+B0
10 .03 2 ,1 6
122 121 i 25 2 8 .2 +6l 28 1 1 3 .8 40.5 WN6: (9 -5 ) 9
123 : 122 ; 23
t-
co +6l 23 115 .0 +0.1 WR 1 1 .49 10
124 ! 123 : 23 39 .2 +61 14 115 .0 0 .0 WHS: ( 9 . 5 ) 9
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R efe ren ces  to  T able I I . 3
1 . From s l i t  spec trog ram s o b ta in e d  in  th e  p re s e n t  program  
C la s s i f i e d  on th e  p re s e n t  system  from s p e c tr a  p u b lish e d  by:
2 . H iltn er,W .A . and S c h i ld ,R.E. (1 966 ) A p .J. 143, 770
3. S m ith ,H .J . (1955) D is s e r ta t io n ,  H arvard
4. H iltn e r ,W .A ., S c h i ld ,R .E ., and Ja c k so n ,S . (1964) A p.J. 
139, 763
5. H iltn er,W .A . (1946) P u b l.A .S .P . 58 , 215
6 . H erbig ,G .H . and M endoza,E.E. ( i 9 6 0 ) B ol. T onantz. 2 , no. 
19 , p. 21
7. H iltner,W .A . and I r i a r t e ,B .  (1955) A p.J. 121 , 556
8 . From o b je c t iv e  p rism  s p e c tr a  o b ta in e d  in  th e  p re s e n t  program
9. W a lth e r ,M.E. (1951) A p .J . 113, 223
10. M e rr ill ,P .W . and B urw ell,C .G . (1950) A p.J. 112, 72
11. H iltn er,W .A . (1951) A p .J . 113, 317
12. S e y fe r t,C .K . (1947) P u b l.A .S .P . 59, 35
13. V elge,A .G . (1957) A p.J. 126, 302
14. S tevenson ,C .B . ( i 960 ) P u b l.A .S .P . 72, 126
15. L indsay,E .M . (1954) I r i s h  A st. J .  3> no. 1 , p. 11
16 . W e s te r lu n d ,B.E. (196 6 ) A p .J . ( in  p r e s s )
17. R oberts,M . (1 9 6 2 ) A .J . 6] ', 79
18 . W ilson,O .C . (1941) P u b l.A .S .P . 53, 295
a . From o b je c t iv e  p rism  p la te s  in  th e  p re s e n t  program
b . P ik  S in  The (1 9 6 5 ) Obs. 85 , 122
c . C annon,A .J. and May,M.W. (1938) H.B. 908 , 20
d . P ik  S in  The (1 963 ) Obs. 83 , 83
e . H iltn er,W .A . and S c h i ld ,R.E. (1 9 6 6 ) A p .J. 143, 770
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T able I I . 4 c o n ta in s  th e  a v a i la b le  sp e c tro s c o p ic  d a ta  fo r  WR 
s t a r s  in  th e  M ag e llan ic  C louds and g iv e s  in  s u c c e s s iv e  columns:
1 . For s t a r s  in  th e  LMC, th e  number from th e  c a ta lo g u e  o f 
W este rlund  and Sm ith, h encefo rw ard  c a l le d  WS number, o r  th e  number in  
th e  c a ta lo g u e  o f  F e as t e t  a l . ,  hencefo rw ard  c a l le d  R number. The two 
WR s t a r s  in  th e  SMC a re  g iv en  in  a s e p a ra te  s e c t io n  a t  th e  end o f  th e  
c a ta lo g u e  and a re  d eno ted  SMC 1 and SMC 2.
2 . HD o r  HDE number.
3. v -m agn itude  as  d e f in e d  in  s e c t io n s  I I . 3 and I I . 4. When a 
v -m agn itude i s  n o t a v a i la b le  t h i s  column c o n ta in s  th e  V m agnitude 
g iv e n  by W este rlund  and Sm ith e n c lo se d  in  b r a c k e ts ,  ( ) .
4. S p e c t r a l  c l a s s  as g iv en  by W esterlund  and Sm ith. These were 
d e te rm in ed  from  o b je c t iv e  p rism  s p e c tr a ,  ex ten d ed  to  th e  f a i n t e r  
o b je c ts  by B,V,R p h o to g rap h ic  pho tom etry . The p h o to m e tr ic a lly  
d e r iv e d  c la s s e s  a re  g iven  in  b r a c k e ts ,  ( ) .
5. S p e c t r a l  c l a s s  g iv en  by F e a s t e t  a l .
6 . S p e c t r a l  c l a s s  d e te rm in ed  in  th e  p re s e n t  program , e i t h e r  from 
s l i t  spec tro g ram s o r  from p h o to m etric  c r i t e r i a .  The c l a s s i f i c a t i o n  
system  i s  d e f in e d  in  s e c t io n  I I . 3. C la sse s  d e r iv e d  from  p h o to m etric  
c r i t e r i a  a re  g iv en  in  b r a c k e ts ,  ( ) .
7 . L o ca tio n  o f  s t a r ,  ta k e n  from W esterlund  and Sm ith; 
a s s o c ia t io n  w ith  n e b u lo s i ty  i s  in d ic a te d  by th e  number ( n ) o f  th e  
n eb u la  in  th e  c a ta lo g u e  o f  Henize (1956); TD' in d ic a te s  a member o f  
th e  30 D oradus com plex, 'A ' a member o f  an a s s o c ia t io n ,  and 'F ' 
in d ic a te s  t h a t  th e  o b je c t  i s  a p p a re n tly  a f i e l d  s t a r .
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T able I I . 4
C ata lo g u e  o f  WR S ta r s  in  th e  M ag ellan ic  C louds
S p e c tra l  ty p e
S ta r HD(E) V WS ; R P re se n t L o ca tio n
WS 1 15.07 N (WN4) F
2 32109 14.10 (N) WN4p F
5 32125 15.10 c (WC5) N 11 F
4 32257 15.13 ( c ) WC5 A
5 32228 : 10.88 w+o WC6+08: WC5+0B n n  a
6 32402 i 13.95: c WC5 N 91 A
7 268847 d i* .3 6 ) N NI6A F
8 33133 : 12.73 N WNS F
9 269015 16 .39 N M3 F
10 34187 1 3 .76 (N) M4p+0B? N105 A
11 34632 i 13 .11 w+o M 4 +0B N 30 A
12 I 12 .0 9 w+o M 8 A
13 3 ^ 8 3 I 14 .74 N (WN4) N113 F
14 1 14 .71 (N) M4 F
15 269333 ; 11 .31 W+O W+Bl: I OB+M N119 A
16 ! (H -9 7 ) w+o WC6: WC5+0B N120 A
17 1 (li*. 95) N F
18 13.40 N WF7 A
19 36063 I 12.72 N WN7 NI98 F
20 : ( ii* .9 7 ) N F
21 36156 : 12.92 C WC5+0B N200 F
22 269485 : 14 .80 N (WN4) N138 F
23 36402 ; 11 .50 W+O WC5+0B N 51 A
24 36521 ; 12.51 (N) WC5+0B N144 A
























Table I I .  4 (continued.)




)e c tra l.  ty p e ............
R P resen t Location
269546 9.91 w+o B5Ip+W? OB+WN Nl44 A
13.47 (N) wn8 A
1 4 .1 8 N WN5 F
269624 (1 4 . 8 0 ) (N) F
15.55 (N) (WN4) F
57026 14.56 (c) WC5 F
57246 15.42 c WC5+0B N206 A
(14 .36) N F
269692 14.74 N W (WN4) N 57 F
57680 14.09 C WC5 N154 A
269818 (1 4 .3 ) N157 A
(14 .50) N F
269828 (1 1 .6 ) W+0 OB+WN N157 A
58050 13.34 (N) WC5+0B A
58029 11.75 W+0 WC5+OB N157 A
(13 .55) (C) WC5+0B A
269888 15.58 N (WN) N157 F
269891 I I . 5I W+0 BO: +W? OB+WN N157 D
269908 (14 .72) (N) ra.58 F
269926 12.99 N WN5 WN4+0B N157 D
58282 11.15 N WN7 WN7 N157 D
269928 1 2 .1 6 N WN6-7 WN7 N157 D
58544 1 5 .0 6 N WN5+ WN6 : +0B N157 D
58448 15.41 N WC5+0B N158 A
58472 15.55 (N) WN4+0B N158 A
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T able I I . 4 (co n c lu d ed )
C ata logue  o f  WR S ta r s  in  th e  M agellan ic  C louds
S p e c t ra l  ty p e
S ta r HD(E) V WS R P re se n t L oca tion
WS 51 (1 4 .2 8 ) N N 74 A
52 (11+ 6 7 ) N F
53 270149 14 .63 N ( wn4) N 74 A
! R 134 (1 2 . 3 6 ) WN7 N157 D
I R 135 (1 3 . 1 5 ) WN7 N157 D
i R 136 38268 9 .4 4 WN+0 OB+WN N157 D
; R 139 (1 1 . 8 7 ) WN7 * +0 : WN7: +0B N157 D
I R 140 (1 1 . 8 2 ) wn6 N157 D
: SMC 1 5980 11.75 Wp OB+WN N 66 A
j SMC 2 13.05 WC5+0B A
II.2 The Spectra and the Classification System
It is often difficult to classify WR stars from objective 
prism spectra. Crowding is frequently serious and., for faint stars 
only the stronger emission lines may be visible. Even if the 
spectrum is well exposed, it is not easy, at the low dispersions 
generally used, to differentiate between the NV lines at 7^4603-^619 
and the NIII band at A4640, or between NIII M640 and CIII, IV A4650 
Thus, confusion arises between the subclasses of the WN sequence, 
and some of the most interesting spectral types - the intermediate 
WN-C - may be completely overlooked.
It was therefore considered desirable to obtain slit 
spectrograms for as many WR stars as possible, especially for those 
for which no subclassification had been previously determined.
Two spectrographs have been used in this program - the 
Zeiss two-prism spectrograph at the Cassegrain focus of the 50-inch 
reflector, and the Nebular spectrograph at the Newtonian focus of 
the T^-inch reflector - both at Mount Stromlo. The Zeiss spectro­
graph has been fully described by Gollnow (1963); it was used with 
the NA arrangement yielding a dispersion of 94 A/mm at H7. The 
Nebular spectrograph is similar to the prime focus spectrograph of 
the 200-inch reflector at Mount Palomar (Bowen, 1952); it has been
used with the F/l.2 camera and the 400 line grating, yielding
o odispersions of 2Ö0 A/mm in the first order visual, and of l4o A/mm
in the second order blue. In all, spectra have been obtained of
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100 WR s t a r s  in  th e  Galaxy and th e  M ag ellan ic  C louds.
A c l a s s i f i c a t i o n  system  f o r  WR s t a r s ,  su g g es ted  by B ea ls , 
was ad o p ted  by th e  I.A .U . in  1958. The c l a s s i f i c a t i o n  c r i t e r i a  f o r  
WN s t a r s  in  t h i s  system  have been found to  be in a d e q u a te  by H .J .S m ith  
(1955) (h en ce fo rw ard  HJS) and by th e  a u th o r .  The problem  a r i s e s  
m ain ly  from th e  im p o rtan ce , in  th e  B eals system , o f  th e  r a t i o  Hel 
A 5875/H eII >5^-11. As p o in te d  ou t by HJS, th e  s t r e n g th s  o f  Hel l i n e s  
a re  o f te n  found to  d i f f e r  g r e a t ly  in  o th e rw ise  i d e n t i c a l  s p e c tr a .
T his i s  most c l e a r l y  shown by a com parison o f  th e  s p e c tr a  o f  HD 927^-0 
and HD 95151; "these a re  i d e n t i c a l  ex ce p t t h a t ,  in  th e  l a t t e r ,  He I  
Ä5875 i s  h a rd ly  v i s i b l e .  W ithout t h i s  c r i t e r i o n  th e  s u b c la s s e s  a re  
p o o rly  d e f in e d  - p a r t i c u l a r l y  th e  su b c la s s  WN5. NV A M 955> ^9^ l i n e s  
a re  p re s e n t  h e re  as  w e ll as in  th e  s p e c tr a  o f  WN6 s t a r s .  The r a t i o ,  
NV AX^605,46l9 /  H e ll A4686, i s  v e ry  d i f f i c u l t  to  e s tim a te  s in c e  
>A6l9 i s  b le n d e d  w ith  th e  N III  AA4634-40 band, and A4603 i s  c la im ed  
by HJS to  be a f f e c t e d  by th e  v i o l e t  a b s o rp tio n  edge o f  A4619-
A c l a s s i f i c a t i o n  system  has been  ad op ted  f o r  th e  WN s p e c tr a  
w hich i s  b a sed  on a judgem ent o f  which io n i s a t io n  s t a t e  o f  n i t ro g e n  
p redom inates  in  th e  spectrum . Only f o r  d i f f e r e n t i a t i o n  betw een th e  
c l a s s e s  WN7 and WNÖ i s  a c r i t e r i o n  dependen t on helium  em ployed.
S ince many o f  th e  s t a r s  s tu d ie d  a re  v e ry  f a i n t ,  on ly  b lu e  s p e c tr a  a re  
a v a i la b le ,  and o n ly  l i n e s  below  A5000 a re  c o n s id e re d . The l i n e s
used  a re :
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N I I I  A4634 - A4641 (blend.)
N IV M 058, A3i+79-31+84 (b le n d )
N V A4603, M 6I 9 , and A4933 - M 9 ^  (b le n d )
These a re  th e  only  s tro n g  l i n e s  w hich do no t s u f f e r  s e r io u s  
b le n d in g  w ith  he lium  l i n e s .  The b le n d , NIV A3^80, i s  to o  f a r  in  th e  
u l t r a v i o l e t  to  be observ ed  w ith  most p rism  s p e c tro g ra p h s , b u t i s  
e a s i l y  observ ed  w ith  g r a t in g  s p e c tro g ra p h s ; because  i t  i s  th e  most 
i s o l a t e d ,  i t  i s  th e  l i n e  t h a t  has been  chosen  f o r  p h o to e le c t r ic  
m easurem ent. The NV l i n e s ,  7^-603 and ?A-6l9> are  a f f e c t e d  by 
b le n d in g  and by v i o l e t  a b s o rp tio n  edges; how ever, th e y  rem ain th e  
most p rom inen t l i n e s  o f  NV w hich o ccu r in  th e  s p e c tr a  and, to g e th e r  
w ith  th e  b le n d  a t  M-9^0, p ro v id e  ad eq u a te  r e p r e s e n ta t io n  o f  t h i s  io n .
The c r i t e r i a  a re  sum m arised in  T able I I . 5- The c la s s e s  
have been  d e f in e d  in  o rd e r  to  o b ta in  th e  b e s t  p o s s ib le  agreem ent 
w ith  th e  c l a s s i f i c a t i o n s  a s s ig n e d  by HJS.
The s t r e n g th  and w id th  o f  l i n e s  v a ry  m arkedly  from c la s s  to  
c l a s s ,  in c re a s in g  from WN7 th ro u g h  WN8 and WN6, re a c h in g  a peak 
betw een WN6 and WN5 and d e c l in in g  th ro u g h  WN4 and WN3. However, th e  
v a r i a t i o n  o f  th e s e  two c h a r a c t e r i s t i c s  from io n  to  io n  and from s t a r  
to  s t a r  can  be c o n s id e ra b le ,  so t h a t ,  a lth o u g h  th e  w id th  and s t r e n g th  
o f  l i n e s  a re  th e  most n o tic e a b le  f e a tu r e s  o f  a spectrum , th e y  a re  
n o t in c lu d e d  as c l a s s i f i c a t i o n  p a ra m e te rs . I t  sho u ld  be n o te d  th a t  
HJS has in c lu d e d  th e  s t r e n g th  and w id th  o f  l i n e s  amongst th e  
c h a r a c t e r i s t i c s  o f  th e  c l a s s  WN5. T h is  has th e  consequence th a t  he
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may have c l a s s i f i e d  a spectrum  as WN5 w hich, by r e l a t i v e  l i n e  
s t r e n g th s  a lo n e , i s  c l a s s i f i e d  a s  WN6 h e re .
T able I I . 5
G la s s i f i c a t io n  o f  WN S ta r s
C lass C r i t e r i a
wn8 N il !  » NIV Hel s tro n g  w ith  v i o l e t  a b s o rp tio n  edges
N III  A4640 ~  H e ll M 686
WN7 N il I  » NIV Hel weak N III A4640 < H ell A4686
WN6 N III ~ NIV NV p re s e n t b u t weak,
N III AA4634-40 band p re s e n t
WN5 N III ~ NIV «  NV N III AA4634-40 band p re s e n t
WN4.5 NIV > NV N III v e ry  weak o r  a b se n t
WN4 NIV « NV N III v e ry  weak o r  a b sen t
WN3 NIV « NV N III a b se n t
The c l a s s i f i c a t i o n  o f  WC s p e c tr a  p re s e n ts  r e l a t i v e l y  few 
prob lem s. The th r e e  c l a s s e s  d e f in e d  by B eals a r e ,  in  g e n e ra l ,  w e ll  
marked and e a s i l y  s e p a ra te d . One re fin e m en t has been  n e c e ssa ry . 
S ta r s  p re v io u s ly  c l a s s i f i e d  as WC6 a re  found to  c o n s t i tu te  two q u i te  
d i s t i n c t  c la s s e s  w hich we c a l l  WC5 and WC6. They a re  d e f in e d  by 
th e  B eals  c r i t e r i a  f o r  WC6, b u t w ith  th e  m o d ified  v a lu e s  f o r  th e  
r a t i o s  o f  C II I  A5696/  OV A5592 and f o r  th e  l i n e  w id th s  g iv en  in
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T able I I . 6 . C le a r  d i s t i n c t i o n  betw een th e s e  c la s s e s  i s  im p o rtan t 
b ecau se  we have found (see  Table I I . 4) t h a t ,  o f  th e s e  two c la s s e s ,  
o n ly  WC5 s t a r s  o ccu r in  th e  LMC.
T able I I . 6
C la s s i f i c a t i o n  o f  WC S p e c tra
New N o ta tio n c m  A5696 
ov A5592
c m  A5696 
c i v  A5812
W idth o f
c m , i v  A4650
B eals
N o ta tio n
WC5 > 1 .0 0 .3 85 A WC6
WC6 < 1 .0 0.3
0
45 A WC6
WC7 8 .0 0.7
0
35 A WC7




To o b ta in  u n ifo rm ity  w ith  th e  c l a s s i f i c a t i o n  system  
d e f in e d  by H i l t n e r  and S c h ild  (1966), w hich i s  d is c u s s e d  below , th e  
c l a s s  WC8 , d e f in e d  by B ea ls , i s  now den o ted  as  WC9, and s p e c tr a  
in te rm e d ia te  betw een  c la s s e s  WC7 and WC8 in  B eals system  a re  now 
d en o ted  a s  WC8 . T h is  r e l a t io n s h ip  i s  sum m arised in  Table I I . 6 .
A spectrum  i s  c l a s s i f i e d  as com posite , WR + OB, when an 
a b s o rp tio n  spectrum  i s  p re s e n t  to g e th e r  w ith  th e  WR em issio n  spectrum . 
In  such  c a s e s ,  th e  s t r e n g th s  o f  th e  em issio n  l i n e s  w ith  r e s p e c t  to  
th e  continuum  a re  alw ays s ig n i f i c a n t l y  l e s s  th a n  f o r  o th e r  s t a r s  o f  
th e  same WR ty p e . T h is i s  c o n s is te n t  w ith  th e  h y p o th e s is  (W ilson, 
1940) t h a t  th e  com posite  spectrum  i s  due to  th e  p re sen ce  o f  a b in a ry
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system. It is found, that, for some stars, the strengths of the 
emission lines are lower than normal, despite the fact that no 
absorption spectrum is observed. It is assumed that these stars 
are also binaries, and that the absorption spectrum of the companion 
is masked by the emission features in the WR spectrum.
When a strong continuum is present with only Hell lines 
visible in emission, the spectrum is denoted as OB + WN, indicating 
that the OB spectrum is dominant and that it has not been possible 
to decide the subclass of the WN spectrum.
Recently, Hiltner and Schild (1966) have published an 
atlas of WR spectra which defines a classification system. The 
subclasses of the WN sequence defined by Hiltner and Schild have a 
one to one relationship with the subclasses developed in this study 
and summarised above. This relationship is given in Table II.7 
Hiltner and Schild's class WN5.5-A has only one representative in 
the south (HD 65865) and, prior to that publication, was not 
recognised as a separate class; it has been incorporated into the 
present system and called WN4.5. The differences between the two 
systems lie in the attitudes adopted towards the spectra of binary 
stars. In the present study, it is considered that the spectrum of 
a WR star in a binary system is modified only in the strengths of 
the emission lines with respect to the continuum. The WR spectrum 
may still be classified according to the relative strengths of the 
emission lines, and the spectrum is given a classification explicitly
6o
indicating its binary nature. The Hiltner-Schild system divides the 
spectra into two sequences, A and B, according to the strength and 
width of the emission lines with an implicit recognition that this is 
sometimes due to the presence of binary systems, but with a different 
opinion from that held by the author regarding the relationship 
between the excitation classes in the two sequences.
Table II.7
Comparison between the Present and the Hiltner-Schild 
Classifications of WN Spectra
Present j Hiltner-Schild












There are only two points of specific disagreement:
a) Hiltner and Schild's class WN7-B contains only the star HD 62910
which, in this study, is classified as WN6-C7 The latter 
classification depends on the strength and redward extension of the 
line at A^640, and the strength of the line at A58IO; these 
features are attributed to contributions from CIV and from CIII
A5812, respectively.
b) The star HD 193793, classified as WC6 by Hiltner and Schild, is 
called WC7p + OB by the author.
The division of WC5 and WC6 spectra seems, in principle, to 
be the same in both systems. However, of the three spectra given by 
Hiltner and Schild as examples of class WC5, one is underexposed and 
the other two are probably of binary systems. (HD 63099 is 
definitely a binary (HJS), and the spectrum of HD 195177 shows low 
contrast between the emission lines and the continuum, implying that 
it is also a binary.) Thus, the appearance of the three spectra is 
dominated by the absence of weak emission lines either because of 
underexposure or because the lines are drowned in the continuum.
The author classifies HD 195177 as WC5+0B, HD 63099 as WC6+07:I 
(the class of the companion is from HJS), and LS 114 (first noted by 
Hiltner and Schild) as WC6:.
According to Hiltner and Schild's system, spectra 
previously classified as WC8 are now called WC9, and spectra 
previously intermediate between classes WC7 and WC8 are called WC8.
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Spectra in the new class WCÖ are mainly characterised by the ratio 
CIII A5696/ CIV A58l2 ~ 1.0. To obtain uniformity, this nomenclature 
has been adopted here also (see Table II.6).
Thus, with the exception of the class WC5, the subclasses 
of the WC sequence are the same in the two classification schemes. 
(Stars classified as WC5 by Hiltner and Schild have been reclassified 
on the present system from the published spectra.) The subclasses 
of the WN sequence may be transposed into the present system via 
Table II.7. Thus we now have a consistent spectral classification 
for all the brighter WR stars in both hemispheres.
II.3 The Photoelectric Equipment, the Filter System
Photoelectric observations have been made with a set of 
six narrow-band interference filters. Four of these were chosen to 
have transmission bands which avoid, as far as possible, the emission 
lines occurring in the spectra of WN stars. The transmission bands 
of the other two filters include the emission lines, NIV 7v3^80 and 
Hell A5^11j respectively, and provide spectral classification 
parameters. The transmission curves of the filters are shown in 
Figure II.2. These were obtained on a Beckman ratio recording 
spectrophotometer which was made available by the Biochemistry 
department of the John Curtin Medical School. Tracings of the 
filter transmission curves were made in April and October, 196 -^, 
and in April, 1966; no changes were observed. Details of the 
manufacturers and of the transmission properties of the filters are




g iv e n  in  T able I I . 8 . T able I I . 9 g iv e s  th e  p r in c ip le  em issio n  l i n e s  
in c lu d e d  in  th e  p ass  bands; WN and WC s p e c tr a  a re  t r e a t e d  s e p a ra te ly .  
Columns 2 end 4 g iv e  th e  l i n e s  w hich o ccu r w ith in  th e  h a l f  peak 
t r a n s m is s io n  p o in ts  o f  each  f i l t e r .  Columns 3 and 5 g ive  th e  s tro n g  
l i n e s  w hich o ccu r in  th e  w ings o f  th e  tr a n s m is s io n  c u rv es ; th e  wings 
a re  d e f in e d  as  th e  w aveleng th  i n t e r v a l s  in  w hich th e  tr a n s m is s io n  o f  
th e  f i l t e r  i s  betw een 10$ and 50$ o f  th e  peak tra n s m is s io n  
P a r t i c u l a r l y  s tro n g  l i n e s  a re  marked w ith  an a s t e r i s k ,  weak l i n e s  
w ith  a double l i n e  ( | | ) .  An ex c lam a tio n  mark ( l )  in d ic a te s  t h a t  th e  
w ave len g th  l i s t e d  i s  t h a t  o f  th e  approx im ate  c e n tre  o f  a m u l t ip le t .  
The t a b le  i s  com piled  from th e  t a b le s  o f  l i n e s  in  WR s p e c tr a  g iven  
by HJS.
T able I I . 8
T ran sm issio n  P ro p e r t ie s  o f  th e  F i l t e r s
Name
Maker







T ran sm issio n
$
Width a t  
h a l f  peak 
t r a n s m is s io n  
0 
A
Width a t  
10$ o f  p^ak 




S c h o tt
3500 2 .8 6 43 80 210
u
S c h o tt
5650 2 .7 4 39 100 280
b
S p e c tro la b
4-270 2 .3 4 60 70 170
V
S p e c tro la b
5160 1 .9 4 50 130 l 80
v ’
S c h o tt
5500 1 .8 2 64 230 410
r
S c h o tt
6000 1 . 6 7 38 90 190
T able I I . 9
E m ission  L ines O ccu rrin g  w ith in  th e  F i l t e r  Passbands
m WC
F i l t e r L ines o c c u r r in g  w ith in L ines o c c u rr in g  w ith in
h a l f  peak 10fo peak h a l f  peak 10$ peak
tra n s m is s io n tra n s m is s io n tra n s m is s io n tra n s m is s io n
p o in ts p o in ts p o in ts p o in ts
u ' NIV *3481 ! - - ? o iv  *3562 
c iv  *3567
u c m  *3609 
c iv  *3689 
ov i *3622
C III  *3704 
CIV A3567,3720 
O III *3757
o iv  *3728
OV *3732 I
b - H e II ,N II I  *4200 ! 
H e ll ,N I I I  *4339 !
CII *4267 c m  *1+18 7 ,4 3 2 6  
CIV *4229,4339 
H e ll *4200,4339
V - - C II *5145 1 
0V *5114 II 
OVI *5112 I)
C III  *5249
V * H e ll *5412 * CIV *5411 *
c iv  *5471  * 
0V *5597 * 
OVI *5410 
H eII*54l2  *
C III  *5696  *
r - :HeI *5876  * - H ell *5876  *
* d e n o te s  a v e ry  s tro n g  l i n e
|| d e n o te s  a c o m p a ra tiv e ly  weak l i n e  in  a l l  c la s s e s  
l th e  c e n t r a l  w aveleng th  o f  a m u l t ip le t  band
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Most of the observations were made at the Cassegrain focus 
of the 40-inch reflector at Siding Spring Observatory, supplemented 
by a few nights at the Cassegrain focus of the 50~inch reflector at 
Mount Stromlo. The photoelectric photometers used on both the 
40-inch and the 50-inch telescopes are similar to that described by 
Johnson (1960); we have used an RCA 1P21 photomultiplier refrigerated 
with dry ice, a General Radio d.c. electrometer amplifier, and a 
Brown strip-chart recorder. A voltage of 850 volts was commonly 
used on the photomultiplier, yielding a dark current of about 10“12 
amps. The amplifier sensitivity steps were calibrated during each 
observing run.
II.4 Determination of Zero Points and Reduction of Observations
In the present photoelectric system, all of the filters
ohave bandwidths of less than 130 A. Hence, A „„ for each filter iseii
well defined and effectively independent of the colour of the star 
and of the spectral response of the detector. Thus, there are no 
colour terms in the extinction coefficients. Neither are there 
colour terms in the transformation equations between observations 
with different detectors, reflectors, etc., as long as the same 
filters are used. To define the standard system it is necessary 
only to specify the magnitude and colours of one star, i.e. to 
define the zero points. Transformation to another similar system 
will contain a colour term which may be predicted from the values of 
A ff for the two system--, so long as no strong features are 
encountered in the spectrum.
66
In  th e  p re s e n t  program , th e  zero  p o in ts  were chosen to  g ive  
th e  b e s t  average  agreem ent w ith  a s e le c t io n  o f  sp e c tro p h o to m e tr ic  
s ta n d a rd s  e s ta b l i s h e d  by Oke (1964) and Code (1 9 6 0 )* One s t a r  o n ly , 
v O ri, i s  ta k e n  from  C od e 's  l i s t .  C onversion  to  th e  same s c a le  as 
Oke' s was e f f e c te d  by com parison  o f  th e  r e s p e c t iv e  v a lu e s  f o r  CL Lyrae, 
and changing  th e  ze ro  p o in t  a t  A5556 to  th e  V m agnitude, 4.59> 
d e te rm in ed  by S h a rp le s s  (1952 ).
For each  o f  th e  p rim ary  s ta n d a rd s ,  a smooth curve was drawn 
th ro u g h  th e  p o in ts  g iven  by Oke (o r  Code). For each  o f  th e  f i l t e r s  
u ' ,  b , v , v ' ,  and r  th e  e x p ec ted  m agnitude was ta k e n  as th e  
m onochrom atic m agn itude, a t  th e  c e n t r a l  w aveleng th  o f  th e  f i l t e r ,  
re a d  from  th e  c u rv e . Because th e  u - f i l t e r  in c lu d e s  th e  Balmer 
d i s c o n t in u i ty  in  i t s  redw ard wing, a c o r r e c t io n ,  Am(u), to  th e  v a lu e  
a t  X365O was d e te rm in e d  by n u m erica l in t e g r a t i o n  o f  th e  r e l a t i o n :
A m(u) = -2 .5  lo g /g(A) 1(A) /  1(3650) dA/ 2(A) dA
where 5(A) i s  th e  t r a n s m is s io n  o f  th e  f i l t e r  a t  w aveleng th  A, in  
a r b i t r a r y  u n i t s ,
l(X ) /  1 (3650 ) = a n t i lo g  [0 .4  (m(3650) - m (X))] ,
and m(A) i s  th e  m onochrom atic m agnitude a t  w aveleng th  A, re a d  
from th e  smooth cu rve th ro u g h  Oke' s (o r  C o d e 's )  p o in t s .
The d e r iv e d  v a lu e s  o f  A m(u) a re  l i s t e d  in  th e  l a s t  column o f  T able 
I I . 11 and have the. sense  A m(u) = A dopted v a lu e  - A365O v a lu e .
6t
Kuhi (1966) has shown that WR spectra show no Balmer 
discontinuities. Hence, the measured value of u for these stars 
will represent the spectrum at A365O.
Since all Oke and Code standards are near the equator, 
secondary standards were chosen near the LMC and the SMC, and along 
the galactic plane. Along the plane, nine stars of type B. IV or 
B V and of visual magnitude 6 to 7 mag were ehosen from the list of 
Morris (1961). Near the LMC and the SMC, AO stars in the same 
magnitude range were chosen from the photometric sequences of 
Wesselink (1962).
Six nights on the 40-inch reflector at Siding Spring 
Observatory were used for establishing the zero points, and for 
measuring the secondary standards - three in October, 1964, and 
three in April, 1966. On each night, as many as possible of the 
Oke and Code primary standards and of the secondary standards were 
measured. Extinction coefficients were determined from observations 
of the same stars at different zenith ang3.es.
On each night in April, 1966, the transformation constants 
were chosen in order to give the best average agreement of the 
observed magnitudes of the primary standards, v Ori, 0 Vir, 109 Vir 
and 0 Crt, with their expected values. A similar procedure was 
followed on each night in October, 1964. Finally, all stars common 
to both runs (2 primary and 9 secondary standards) were compared, 
and the results of the October run were reduced to the zero point 
that was established in April.
68
The s ta n d a rd  d e v ia t io n s ,  cr, o f  th e  d i f f e r e n c e  betw een th e  
two runs a r e  g iv en  in  T able I I . 10. The agreem ent i s  s a t i s f a c to r y  
The s ta n d a rd  e r r o r s  o f  th e  mean m agnitudes and c o lo u rs  o f  th e  
s ta n d a rd  s t a r s  a re  g iv en  by ( o/n/2  ).
T able I I . 10
D if fe re n c e s  betw een th e  Two S tan d a rd  Runs
V u '- b b-v v - v ' v - r
a .021 .020 .010 .018 .014
a/s/2 .015 .0 1 b .007 .013 .010
T ab le  I I . 11 g iv e s  th e  d i f f e r e n c e s  betw een th e  o b served  
c o lo u rs  o f  th e  p rim ary  s ta n d a rd s ,  w ith  th e  chosen zero  p o in t s ,  and 
th e  e x p e c te d  c o lo u rs .  The sense  i s  & = (ex p ec ted  v a lu e  - observed  
v a lu e ) .  The agreem ent w ith  th e  e x p ec ted  v a lu e s  i s  s a t i s f a c to r y .  
&(b~v) r a r e l y  exceeds 0 .0 1  mag, th e  acc u racy  c la im ed  by Oke and Code. 
V alues o f  b ( v - r )  > 0 .0 1  mag a re  n o t s u r p r i s in g  s in c e , f o r  some o f 
th e  s t a r s ,  Oke o b se rv es  o n ly  as f a r  as  A5840 and i t  was n e c e s sa ry  to  
e x t r a p o la te .  & (u’-b )  and ö (u -b )  have v a lu e s  as  la rg e  as 0 .0 9  mag; 
how ever, ö ( u ' - u )  r a r e l y  exceeds 0 .02  mag, which im p lie s  t h a t  some 
e r r o r s  o ccu r in  th e  Oke and Code m agnitudes n e a r  th e  Balmer 
d i s c o n t in u i ty .
T ab le 11.12 g iv e s  th e  ad op ted  v a lu e s  f o r  b o th  p rim ary  and 
secondary  s ta n d a rd s .
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Table II.11
Primary Standards; Adopted value - Expected value
Star Sp
(magnitudes)
V u'-u u-b j b-v v-v' v-r Am(u)
£2 Cet B9III N”\O1 - - ; ±.00 + .02 +.03 -.11
v Ori BO V -.03 + .01 +.03 -.01 + .02 +.05 +.06
1) Hya B3 V + .02 + .03 -.09 + .02 + .02 + .06 -.03
6 Crt B9 + .11 -.02 -.01 ±.00 -.01 -.02 -.12
e Vir AO + .02 -.02 + .03 ±.00 + .01 -.02 -.17
!109 Vir AO V + .01 + .02 -.04 ±.00 1 0 V_M -.02 -.18
: 58 Aql AO -.06 ±.00 -.01 : ±.00 ±.00 ±.00 -.18
Footnote: The magnitude which Oke assigned to 6 Crt at A5556
appears to be inconsistent with the values for the other stars 
at this wavelength. It has not been used for the determination 




Star Sp V (u'-b) ( u - b ) (b~v) (v-v) (v-r)
I2 Cet B9III 4.25 +1.11 -0.15 -0.17 -O.I7
v Ori BO V 4.51 -0.20 -O.O8 -O.30 -0.12 -O.3O
T] Hya B3 V 4.19 +0.22 +0.26 -0.26 - 0.10 -0.24
0 Crt B9 4.61 +1.04 +0.87 -O.I7 -0.07 -0.15
0 Vir AO 4.31 +1,31 +1.04 -0.11 -0.06 -0.10
109 Vir AO V 3.67 +1.23 +1.00 -0.11 -0.03 -0.10
58 Aql AO 5.65 +1.32 +1.07 -0.03 -0.01 -0 02
HD 3719 AO 6.89 +1.34 +1.11 -0.03 -0.04 -0.10
25938 AO 6.58 +1.31 +1.09 -O.05 -0.05 -0.13
52812 B3 V 6.87 +0.18 +0.22 -0.24 -0.10 -0.24
63308 B3 V 6. 51 +0.29 +0.30 -0.20 - 0.10 -0.21
72350 B5 IV 6.27 +0.52 +0.46 -0.13 -0.03 -0.12
86659 b4 IV 6.14 +0.40 +0.40 -O.I9 -0.08 -0.21
116226 B7 IV 6.35 +0.64 +0.52 -O.I6 -0.06 -0.11
125721 B3 V 6.03 -0.02 +0.05 : -O.I8 -0.08 -O.I6
158186 B3 IV 7.01 ; +0.01 ;+ o .o 7 : -O.O7 -0.02 -0.02
170978 B3 IV 6.81 : +0.52 :+0.48 : -0.07 -0.03 -0.03
I8OI83 B3 IV 6.74 ; +0.18 +0.23 ; -0.23 -O.O8 -0.14
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Observations of program stars were reduced by direct 
comparison with a nearby standard which was always observed within 
an hour, usually within half an hour, of the observation of the 
program star. A correction for differential extinction was applied. 
In this way, the derived magnitudes and colours are independent of 
slow changes of extinction with time or direction.
II.5 Comparison with Westerlund
Westerlund (1966) has observed 35 northern WR stars with a 
filter system similar to that used in the present investigation.
Zero points were established in a similar way, i.e. by observing 
spectrophotometric standards chosen from the lists of Oke (1964) and 
Code (i960). Central wavelengths and bandwidths are given in Table 
II.I3 for both systems. The differences in central wavelengths are 
slight and we may assume that, for observations of early type stars 
without emission lines, the systems differ only in zero point. 
However, the bandwidths of Westerlund's filters are, in general, 
smaller than the author's. The result is that Westerlund's colours 
are, in general, less affected by emission lines. In particular, 
comparison with Table II.9, section II.3> shows that Westerlund's 
v-filter avoids the OV and OVI lines and is much less affected by the 
CII lines which occur in the spectra of WC stars and are included in 
the pass band of the author's filter. Similarly, Westerlund's 
r-filter is much less affected by the Hel A5Ö75 line found in both 
WN and WC spectra. Thus, observations of WR stars are expected to
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produce s l i g h t l y  d i f f e r e n t  r e s u l t s  in  th e  two system s.
T able 11.13
Comparison o f  W e s te r lu n d 's  F i l t e r  System w ith  th e  P re se n t System
Name W e s te r lu n d ' s System P re se n t System
C e n tra l 1/A Band- Maker iA Band-
W avelength
0
A n - 1
w id th
0




u 3650 2 .7 4 100 B aird
Atomic
2 . 7 4 100
b 4200 2 .3 4 65 t t 2 . 3 4 70
V 5190 1 .9 3 100 I t 1 . 9 4 130
r 5990 1 . 6 7 80 I f 1 . 6 7 90
The two program s have th r e e  p rim ary  s ta n d a rd s  and f iv e  WR 
s t a r s  in  common. T ab le I I . 14 g iv e s  th e  d i f f e r e n c e s  in  th e  m agnitudes 
and in  th e  c o lo u rs  betw een th e  two system s in  th e  sense  (p re s e n t  
system  - W este rlund  sy stem ). The l a s t  f iv e  rows c o n ta in :
1 ,2 .  A verage o v e r th e  s ta n d a rd s  and o v er th e  WR s t a r s ,  
r e s p e c t iv e ly
3. D if fe re n c e s  betw een rows 1 and 2 above
4. A verage o v e r b o th  s ta n d a rd s  and WR s t a r s
5. S tan d a rd  d e v ia t io n s  o f  th e  means in  row 4 .
V alues in  b r a c k e ts  a re  n o t in c lu d e d  in  th e  means. The 
l a s t  two WR s t a r s ,  LS 87 and LS 6, were o b serv ed  by W esterlund  o n ly  
once; th e  b r i g h t e r  one i s  a v a r ia b le ,  and th e  d i f f e r e n c e s  a re  
th e r e f o r e  n o t r e l i a b l e .  V alues o f  & (u-b) f o r  th e  l a t e r - t y p e  p rim ary
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standards are not used because the u-filter includes the Balmer 
discontinuity in its redward wing, and the observed value is unduly 
sensitive to the transmission characteristics of the filter.
The overall standard deviations are of the order of 0.05 
mag which, considering the complexity of the spectra, is regarded as 
satisfactory. There is a systematic difference between the standards 
and the WR stars, and marked differences among the WR stars - as 
expected from the different degree to which the two systems are 
affected by emission lines. The discrepancies between the WR stars 
and the standards indicate the order of magnitude of the effect of 
emission lines on the observed colours.
Since the sample is too small to allow the derivation of 
conversion factors for each subclass, the overall average will be 
used in section II.7 to convert Westerlund’s values of v and of (b-v)
to the present system.
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T able I I .14
Com parison Between th e P re se n t System and W este rlu n d ’s System
S ta r HD Sp Ö V B (u -b ) B (b-v) B ( v - r )
58 Aql AO +0 .0 6 ( - 0 . 0 7 ) ±0.00 +0 .0 6
£2  G et B 9 III +0.01 -0 .0 1 -0  08
v O ri BO V ±0.00 +0.07 -0 .0 4 -O .I 5
LS 83 165688 WN6 +0.17 -0 .0 1 40.02 +0.14
84 165763 WC6 +0.07 -0 .0 3 +0.07 +0.04
85 168206 WC7+0B +0.12 +0.03 +0.01 +0.04
87 WN6 (+0 . 0 8 ) (+ 0 .0 1 ) (4 0 .1 2 ) ( - 0 . 0 7 )
6 50896 WN5 - ( -0 .0 4 ) (+ 0 .0 4 ) ( - 0 . 0 7 )
Mean of s ta n d a rd s  6^ 0 +0.02 +0 .0 7 -0 .0 2
-O .06
Mean o f  WR s t a r s  6TrW +0.12 ±0.00 +0.03 +0.07
5W ” 5s +0.10 - 0 .0 7 +0.05 +0.13
Mean o f  a l l 5 +0.07 +0.01 +0.01 40.01
S tan d a rd  d e v ia t io n ±0 .0 6 ±0 .0 3 ±0.03 ±0.10
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II.6 Accuracy of the Photometry and Detection of Variables
The accuracy of a single observation has been estimated as 
the mean of the standard deviations (S.D.) of observations of each 
star. The S.D. is estimated for each star as r//n (see e.g.
Pearson, 1931), where r is the range of observed values in a sample 
of size n. The results, divided into successive magnitude intervals, 
are given in Table II.15« The standard error (S.E.) of the mean 
values given in the catalogues, Tables II.l6 and II.17, in the 
following section, are given by: S.E. = S.D.//n, where n is the
number of observations, given in column 9 of "the tables, and is 
generally about 3.
If the range of the observed magnitudes exceeded 4 times 
the expected standard deviation, the star is marked variable (v) in 
the catalogues; there are four stars in this category. If the 
range lay between 3 end 4 standard deviations then the star is marked 
possibly variable (v?); there are seven stars in this category. No 
correlation has been found between colour and luminosity during the 
variation. There appears to be no correlation between variability 
and spectral class.
All the observations were used to determine a b-magnitude 
and colours having the b-magnitude as one base point. This was 
done because the v-filter had not arrived from the manufacturers at 
the time that observations were commenced. The number of 
observations quoted in column 9 of Tables II.16 and II.17 is the
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number of observations of the colour (b-v); most other colours have 
been measured more often than this.
Table II. 15
b Standard Deviation of a Single Observation
b u ' -u u-b b-v b-v' b-r
< 9 .02 .01 .02 .01 .01 .02
9-12 .04 .02 .02 .02 .02 .04
12-14 .06 .03 .04 .03 .04 .07
14-15 .13 .11 .12 .07 .06 .18
> 15 .20 .20 .18 .10 .12 .30
II.7 The Photoelectric Results
The Magellanic Clouds
The Magellanic Clouds present an unparalleled opportunity 
to determine the intrinsic colours and luminosities of stars. The 
distance modulus is known to ±0.02 mag and absorption is, in general, 
small compared with that observed in the Galaxy.
Since the results from the WR stars in the IMC provide the 
foundation for most of the quantitative deductions that will be made 
herein, it is desirable that they should all have been observed. 
However, due to the shortness of the summer nights and to the 
faintness of the stars, such a program was impracticable. 42 stars 
were selected, including WR stars from all spectral subtypes,
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magnitude ranges and types of location, as defined by Westerlund and 
Smith (196^), and 1 P Gygni type star. The results are given in 
Table II.16 which contains in successive columns:
1. For WR stars, the WS, R or SMC number, as in Table II.4.
For the P Cygni star the HD number.
2-8. Magnitudes and colours as defined in Table 11,8 and sections 
II.3 and II.4.
9. Number of nights on which the colour (b-v) was observed 
The Galaxy
In the Galaxy, 77 of the 83 WR stars south of declination 
-10° have been observed. Westerlund has observed 35 WR stars north 
of declination -25°. There are 5 stars common to the two programs; 
hence, together they cover 107 of the 124 WR stars known.
The observing program also included 4 Of stars, one 
possible Of star, and 5 planetary nebulae. Observations of 4 of the 
planetary nebulae were obtained by Mr. J.W. Menzies with the same 
filters as used by the author.
The results are given in Table 11.17 which is divided into 
three parts containing the WR stars, the Of stars, and the planetary 
nebulae, respectively. Successive columns contain:
1. For the WR stars, the LS number; for the Of stars, the HD 
number; for the planetary nebulae, the NGC or IC number.
2-8. Magnitudes and colours .
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9. Number o f  n ig h ts  on w hich th e  c o lo u r  (b -v )  was m easured.
T able I I . 18 g iv e s  th e  v a lu e s  o f  v and (b -v )  d e te rm in ed  by 
W esterlund  (1966) and c o n v e rte d  to  th e  ze ro  p o in ts  used  by th e  
a u th o r  by a p p l ic a t io n  o f  th e  co n v e rs io n  f a c to r s  d e te rm in ed  in  
s e c t io n  I I . 5 .
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Table I I . 1 6
Photometry of WR Stars in the Magellanic Clouds
S t a r b V u ' - b  i u-b b -v b - V  ' ; b - r n :
WR S ta r s  in th e  m e
WS 1 : 14 .82  ; 15 .07 - .7 1 - .0 8 - .2 5 - .0 6 2 ;
2 13 .95  : 14 .10 - .5 ^ - .0 7 - .1 5 + .17 2 ;
3 15 .05  : 1 5 .10 - .4 2 - .6 0 - .0 5 + .30 4 I
4 1 5 .0 2 ; 15 .13 - .3 0 - A 7 - .1 1 + .23 4 \
5 V ?  1 0 .66  : 1 0 .8 8 - .0 8 - .0 3 - .2 2 - 3 2 - . 3 9 : 6 j
6 15 .85 13 .9 5 : - .2 1 - .3 7 - .1 0 : + .14 2 i
8 1 2 .6 3  : 12 .73 - .2 6 - .1 6 - .1 0 - .1 1 - .1 7 3 ;
9 14 .30  ! 1 4 .3 9 - .4 7 - .1 0 - .0 9 - .0 5 - .1 8 2 j
10 1 3 .7 0 : 13 .76 - .3 9 - .0 5 - .0 6 + .04 - .1 0 3 j
11 1 2 .9 5 : i 3 . l l - .3 1 - .1 2 - .1 6 - .2 2 - 3 0 3 I
12 12 .16  : 1 2 .09 - .1 5 - .0 5 +.07 + .10 +.25 4 ;
13 1 4 .66  ; 1 4 .74 - .7 9 - .1 4 - .0 8 +.23 3 j
14 l 4 . 6 0  : 14 .71 - .5 3 +.03 - .1 1 + .16 4 !
15 1 1 .17 11 .31 - .0 5 - .1 4 - .2 0 - .40 1 :
18 13 .27 13 .40 - .3 4 - .2 0 - .1 3 - .1 0 - .1 0 4 j
19 12 .55 12 .72 - .3 5 - .2 1 - .1 7 - .1 7 - .3 1 5 i
21 12 .67 12 .92 - .2 0 - .1 8 - .2 5 - .2 5 - .4 6 4
22 14.72 1 4 .8 0 - .5 2 - .0 8 - .0 8 + .13 4 j
23 11 .29 1 1 .50 - .1 9 - .2 1 - .2 6 - .3 6 1
24 12 .27 12 .51 - .2 0 - .1 5 - .2 4 - .3 0 - .4 4 2
25 14 .89 1 5 .00 - .5 8 - .0 9 : - .1 1 +.05: 2
26 9.82 9 .91 + .04 + .04 - .0 9 - .1 5 - .24 4
2? 13 .28 1 3 .47 - .2 2 - .2 0 - .1 9 - .2 4 - .2 8 3 ;
28 13 .97 1 4 .1 8 - .4 0 - .0 8 - .2 1 - .2 1 - . 4 : 4
30 15.25 15 .35 - .6 0 - .0 9 - .1 0 +.05 3 :
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T ab le  I I . 16 (concluded)
P h o to m e try  o f  WR S ta r s  i n  th e  M a g e lla n ic  C louds
S ta r 1 Y u ' -b u-b b-v b-V ’ ; b - r n
WS 31 i 14.10 I 14.36 - .2 8 -.5 0 - .26 + .07 5 1
32 j 13.24 : 13.42 -.1 5 - .1 7 - .1 8 -.1 7 -.1 6 2
3 4 ; 14.67 14.74 - .6 4 - .1 9 - .0 7 + .08 4
35 i 13.88 14.09 - .1 4 - 3 9 -.2 1 + .18 3
39 ; 13.09 13.34 -.1 2 -.1 5 -.2 5 - .1 8 -.3 2 2
4o 11.77 11.75 +  .10 +.08 +.02 + .03 -.0 2 3
42 15.67 15 .58 - .2 8 -.1 1 + .09 + .42 4
43 I I .5 4 I I .5 1 + .08 +.07 + .03 + .02 + .04 5
45 12.93 12.99 -.3 1 -.1 4 - .0 6 -.1 3 2
46 11.04 11.15 - .2 0 - .1 3 -.1 1 -.1 2 -.2 6 4
47 12.19 12.16 - .0 4 + .02 + .03 + .09 - .0 4 2
48 13.13 13.06 - .0 8 +.13 + .07 +  .12 2
49 13.26 13.41 - .1 6 -.1 2 -.1 5 -.10 - . 1 : 2
50 13.22 13.35 -.3 0 - .0 7 -.1 3 -.1 3 - .1 8 3
53 14.59 14.63 - .6 7 - .0 9 - .0 4 +  .14 2
R 136 9.47 9.44 +  .07 + .09 +.03 +  .02 . ±.00 2
WR S ta rs  in  th e SMC
SMC 1 ; y ?  11.53 11.75 : - .2 9 -.1 4 ; -.22 : - .2 8 -.47 i 5
*SMC 2 12.81 13.05 ; ».30 ; - .1 9 -.2 4 : “ *2 5 \ -.4 5 : 4
P Cygni in th e  LMC
HD37Ö36 i 10.86 ; 10.83 i - .1 2 : - .0 6 ; +.03 : +.03 ; +.08 ; 1
* l h 29®9, -73° 33 ' (1975)
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T a b le  I I . 17
Photom etry  o f  G a la c tic  WR S ta r s
S t a r b V u ' ~b u~b b - v b - v ' b - r n
LS 6 V 6 .8 7  : 6 .9 4 - . 7 4 - . 1 6 - . 0 7 + .12 - . 1 3 10
7 1 2 . 0 7 : 1 1 .7 4 - . 4 0 +.13 + .33 + .64 + .56 5
8 1 0 .9 9  i 1 0 .5 6 - . 0 4 + .0 9 + .43 + .65 + .65 4
9 1 1 .8 0 ! 1 1 .0 4 + .57 + .39 + .76 + 1 .08 +1 .22 4
10 1 1 .2 6  i I I . 0 8 + .1 8 + .25 + .18 + .25 + .26 4
l i 1 .4 2 1 .7 4 - . 2 0 - .1 2 - . 3 2 - . 3 6 - . 5 4 1
12 1 1 .5 4  : 1 1 .0 6 + .26 + .2 8 + .48 + .68 + .82 2
13 1 4 .6 5 1 3 .8 3 + .77 + .50 + .82 +1.43 + 1 .48 4
14 V ? 9 .5 7  ; 9 .4 2 + .75 + .20 + .15 + .51 + .3 9 5
15 1 2 .4 8 1 1 .7 3 + •97 + .59 + .75 +1 .39 +1.62 4
16 8 .6 8 8 .4 3 + .13 + .12 + .25 + .36 + .45 5
19 1 1 .1 5 1 1 .1 1 - .0 5 - . 1 3 + .04 + .35 + .21 5
20 I I . 7 4 1 1 .2 0 - .2 4 + .2 8 + .54 + .99 + . 96 3
21 l 4 .8 o 1 3 .8 5 + .83 + .7 9 + .95 +1 .44 + 1 .84 2
22 1 0 .1 0 9 .8 0 + .1 8 + .23 + .30 + .41 + .4 8 5
23 6 .4 7 6 .4 4 - . 0 4 +  .01 + .03 + .06 + .03 3
24 9 .7 5 9 .7 1 + .2 9 +  .0 8 + .04 + .3 9 + .25 3
1  25 6 .4 3 6 .4 9 - . 1 6 - . 0 6 - . 0 6 - . 0 8 - . 1 6 3
26 8 .4 6 8 .1 7 + .16 + .1 7 +  .2 9 + .37 + .4 9 3
27 1 5 .7 6 1 4 .7 3 + .94 + .7 0 +1 .03 + 1 .61 + 1 .91 3
28 1 3 .0 0 1 2 .7 3 + .30 + .17 +  .27 + .4 8 + .50 4
29 1 0 .9 7 1 0 .6 9 + .15 +  .24 + .28 +  .40 +  .4 4 3
30 I I . 5 1 1 0 .8 8 + .57 + .50 + .63 + .82 +1 .02 4
31 1 2 .5 4 1 2 .3 4 + .21 - . 0 1 + .20 + .55 + .41 4
34 V 7 .9 6 7 .8 5 - .0 2 + .01 + .11 + .21 + .2 9 20
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T ab le  I I . 17 (c o n tin u e d )
Photom etry  o f  G a la c tic  WR S ta r s
S ta r b V u '- b u-b b -v b - v ' b - r n
LS 35 1 4 .9 +1.2 +  .8 +.6 1
36 8 .1 9  ; 8 .2 5 + .10 + .05 - .0 6 + .01 - .1 1 3
38 13 .33  : 12 .9 6 -.22 + .11 + .37 + .55 +.51 4
59 v? IO .9 6 : IO .96 - .1 7 - .0 8 .00 + .05 - .0 1 3
4 o 11 .81 I I .0 9 + .45 +.42 + .72 + .97 +1.26 3
4 l 5 .58 5 .6 9 - .1 1 - .0 5 - .1 1 - .1 4 - .1 7 1
42 13.03 1 2 .4 9 + .71 + .47 +.54 +.91 +1.04 2
k b 10.13 9 .9 8 + .07 ~ .17 + .15 +.56 +.43 3
b 5 11 .22 11 .06 + .63 + .38 + .16 +.41 +.34 3
46 1 3 . 4 5 1 2 .9 9 + .02 +  .22 +.46 +.65 +.82 4
4? 14 .23 1 3 .9 7 + .47 + .26 +.26 +.60 +.42 3
48 v? 1 1 .27 10 .8 7 + .10 +.15 +.40 +.63 +.76 4
49 9 .93 10 .11 + .l8 + .01 - .1 8 +.03 - .2 2 3
50 13 .50 1 3 .0 8 - .4 2 +.06 +.42 +.74 + .76 2
51 14 .19 13 .25 +1.26 + .82 +.94 +1.58 +1.77 2
52 14 .37 1 3 .6 8 +1.28 + .69 + .69 +1.39 1
53 12 .84 1 2 .5 6 - .1 7 + .05 +.28 + .47 + .52 3
5^ 12.44 11 .71 + .60 + .48 +.73 +1.00 +1.32 3
55 12.95 12 .21 + .36 +.44 + .74 +1.07 +1.30 3
56 9 .57 9 .4 3 + .48 +.34 +.14 +.13 + .16 4
57 11 .06 10 .15 +.92 +.73 +.91 +1.21 +1.57 3
58 15 .04 1 4 .5 7 +1.2 +2.3 +.47 + .44 1
59 10 .28 10.22 i - .2 9 - .0 8 + .06 + .16 : + .2 3
60 12.05 1 1 .42 ; + .09 + .29 +.63 +1.06 •+1.17 2
61 13 .76 1 3 .1 6 i+1.64 + I.2 9 +.60 + .96 ;+1.10 2
62 6 .82 6 .0 I ; + .07 +.09 + .21 +.32 ; +.41 3
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T able I I . 17 (c o n tin u e d )
Photom etry  o f  G a la c tic  WR S ta r s
S ta r b V u '- b u-b b -v b~v 1 b - r  : n
LS 63 6 .9 6 6 .9 5 + .18 + .12 +  .01 + .15 ; + .15 3
64 1 3 .8 9 12 .75 + I.5 0 +1.01 +1.14 + 1 .48 ; +1 83 2
65 1 3 .2 3 12.42 + .55 + .42 + .8 l +1.07= +1.40 1
66 1 3 .4 4 12 .79 + .19 + .30 + .65 +.89 +1.08 1
67 1 4 .7 3 13 .55 +.72 + .68 +1.18 +1.64 +2.08 2
68 1 6 .4 1 5 .1 +1.2 +•9 +1.3 +2.1 1
69 1 0 .1 7 9 .7 3 + .65 +.47 +.44 +.74 + .89 3
70 7 .3 3 7 .4 5 + .23 +.03 - .1 2 + .18 . + .04 4
71 1 2 .8 7 11 .64 +1.22 +.87 +1.23 +1.71 +2.26 2
72 1 0 .6 6 10 .60 +.42 +.30 +.06 +.06 +.12 1
73 12 .6 1 1 1 .46 +1.19 +.85 +1.15 +1.72 +2 20 1
74 13 .0 1 1 2 .27 + .23 +.38 +.74 +1.10 +1.28 2
75 1 5 .5 9 14 .1 0 + .67 +1.1 +1.49 1
76 11 .8 3 11 .15 +.61 +.51 +.68 +.96 +1.26 1
77 1 3 .5 9 12 .5 1 1+1.12 + .69 +1»08 +1.57 +2.14 1
78 l 4 . 6 l 13 .44 : + .76 . +-55 +1.17 +1.72 +2.20 j 2
79 V 9 .0 4 9 .01 : +.60 . + .40 +.03 ; - - ° 5 - .0 1 j 4
80 V ? 14 .85 1 3 .54 j + l .69 i + 1 . 1 1+1.31 +1.77 : +2.3 i 2
81 1 3 .0 8 12 .36 1+1.35 + .98 : +.72 : +.91 +1.21 : 2
82 10 .8 4 10 .1 6 ; +.65 i +.49 i +.68 : +.91 +1.20 ; 1
83 10 .9 4 10 .23 j +.08 i +.33 +  .71 +1.18 +1.35 1 3
84 V? 8 .1 8 8 .25 ; - .0 7 ■ - .2 7 : - .0 7 : +.24 ; +.06 ! 4
85 9 .9 0 9 .4 3 1 +.57 : +.41 i +.47 : + .69 : +.86 i 3
86 1 3 .82 12 .92 : + .84 ; + . 4 o : +.90 j+1.44 +1.65 I 2
87 V 1 3 .4 0 12 .2 6 j +.84 ; +.69 +1.14 i+1.52 + 1 . 9 4 \ 4
89 13 .33 i+1.24 ! +.93 +1.23 : -
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T ab le  11 .17  (co n c lu d ed )
Photom etry  o f  G a la c tic  WR S ta r s
S ta r b v . u ’-b u -b b -v  b -V ’ : b - r n
Of S ta r s
HD 91421* 9 .03 9 .01  i + .17 +.19 + .02 j  +.01 - .0 3 1
148937 7 .02 6 .8 2  ; + .17 + .17 + .20 ; +.26 + .36 3
1518o4 5.21 5.22 j - .0 2 +.03 - . 01 : - . 02 + .01 4
152408 5.92 5.85  ; +.05 + .07 +.07 ; +.13 + .19 3
163758/ 7 .2 9 7 .3 3  i  - .0 6 .00 - .0 4  ; - .0 7 - .0 7 3
P la n e ta ry  N ebulae
NGC 2392 10.02 1 0 .1 9  ! “ .31 - .3 1 ; - .1 7  ; - .3 6 2
3132 9 .84 : 9 .8 7  i  +.74 - .1 0 : - .0 3  : - .1 1 - .1 2 2
3242 10 .29 1 10 .81  ; - .9 8 - .4 6 : - .5 2  : - .1 0 +.28 2
I  4 l8 9 M i 9 .6 7  j - .4 0 - .8 2 - .2 4 - .2 3 3
I I  2448 12 .86 :1 3 .2 0  : - .4 0 - .2 8 i - . 5 4  : - .7 1 1
* HD 91421 = MR 24. P o s s ib le  Of spectrum  v a r ia b le
/  HD 163758 = MR 78.
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Table I I . l 8
Photometry o f G a lac tic  WR S ta rs  from W esterlund (1966)
Star V b-v Star V b~v
LS 95 13.48 +1.35: LS 109 12.32 +1.19
9b 10.36 + .21 H3 10.50 + .42
95 IO.56 + .02 1 115 : 12.40: + .70:
97 12.30 +2.05: 116 11.62: +• 35:
98 11.55 +1.13 117 9.20 + .32
99 7.48 + .13 1 118 II .6 9 + .31
100 8.31 + .25 119 8.94 + .33
101 8.51 -.06 120 H .1 8 +.88
102 7.73 + .25 121 10.03 +.52
105 8.18 + .15 123 11.49 +.81
104 8.21 +.26 1 10.54 +.56
105 9.53 + .45 2 11.43 +.18
106 8.27 +.38 3 10.79 .00
107 ; 7 . 1 9 +.24 4 10.61 +.23
108 ; 10.15 + .75 H 5 11.12 + .42
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CHAPTER III
INTRINSIC LUMINOSITIES AND COLOURS OF WR STARS
III.l The Reddening Lines
It has recently been suggested (e.g. Johnson, 1965;
Wampler,, 1961) that the shape of the reddening curve (i.e. the 
relationship between interstellar absorption and wavelength) is 
different in different regions of the Galaxy. This means that both 
the slope of the reddening lines in two-colour diagrams and the 
ratio of total to selective absorption vary, and must be determined 
for each region. Fortunately, the predicted slopes of reddening 
lines in the two-colour diagrams do not vary a great deal, so that 
the assumption of uniformity introduces little error, and we shall 
adopt the observed slopes.
The ratio of total to selective absorption R = A^/E^ ^ is 
claimed (Johnson, loc.cit.) to vary from 3 to 6. To attain 
consistency with previous work we assume R = A^/E^ = 3*0, in the
UBV system, and derive the corresponding ratio, R', in the present 
system. If this value of R is incorrect then the entire distance 
scale will be incorrect. However, in a given direction, the 
ordering of objects in distance will be substantially unaffected. 
Thus, the coincidence of WR stars with other objects whose distances 
have been determined on the assumption that R = 3.0 may be correctly
ascertained.
AFig m.1 The Reddening Lines
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Because th e  observed, c o lo u rs  o f  th e  v a r io u s  s u b c la s s e s  a re
d i f f e r e n t l y  a f f e c te d  by e m issio n  l i n e s ,  th e  red d en in g  l i n e s  w i l l  be 
p a r a l l e l  b u t w i l l  have d i f f e r e n t  zero  p o in ts .  The s lo p e s  o f  th e  
red d en in g  l i n e s  have been  d e te rm in ed  from two c o lo u r  d iag ram s, w ith  
(b -v )  a s  th e  a b s c is s a ,  f o r  each  s u b c la s s .  Only s t a r s  c l a s s i f i e d  by . 
th e  a u th o r  o r  ETS were u sed ; s t a r s  b e l ie v e d  to  be b in a r i e s  were 
ex c lu d ed . The d iagram s f o r  a l l  s u b c la s s e s  were th e n  superposed  w ith  
v e r t i c a l  s h i f t s  to  o b ta in  th e  b e s t  f i t  betw een s u b c la s s e s .  'This was 
done b ecau se  th e re  a re  o n ly  a  few s t a r s  in  each  s u b c la s s ,  so th e  
s lo p e  i s  n o t w e ll d e f in e d  by one c la s s  a lo n e . The r e s u l t i n g  d iagram s 
a re  shown in  F ig u re  I I I . l  w ith  th e  mean l i n e s  drawn by eye e s t im a te .  
The s lo p e s  o f  th e s e  l i n e s  a re  l i s t e d  in  T able I I I . l ,  to g e th e r  w ith  
th o se  p r e d ic te d  from each  o f  th e  f iv e  red d en in g  cu rv es  g iv e n  by 
Johnson  ( l o c . c i t . ) .  The l a t t e r  have been  d e te rm in ed  by l i n e a r  
i n t e r p o la t i o n  betw een th e  p o in ts  g iven  by Johnson . A lso g iven  in  
th e  t a b le  a re  th e  r a t i o s  A^/S^ ^ in  th e  Johnson UBV system , A^/E^ v 
in  th e  p re s e n t  system , ,/E ^  and E^ ^ / e^ v p r e d ic te d  by each
cu rv e . The observ ed  s lo p e s  a re  c lo se  to  th o se  p r e d ic te d  by J o h n so n 's  
cu rve  f o r  th e  P erseu s re g io n . T h is  i s  th e  cu rve t h a t  y ie ld s  th e
r a t i o  R = 3*0, which i s  assumed h e re . A cco rd in g ly , we adop t th e
v a lu e s ,  R' = 4 . 0 ,  E^ ^/E^ v = 1 .2 0  and E^ ^ ,/E ^  ^ = .2 9 , p r e d ic te d
d e r iv e d  o b s e r v a t io n a l ly  because  th e  v f f i l t e r  c o n ta in s  many em iss io n  
l i n e s ,  and th e  c o lo u r  ( v - v ' )  may be q u i te  v a r ia b le ,  even w ith in  a
by t h i s  cu rv e . th a n
s u b c l a s s . )
88
Table I I I . l
S lopes  o f  Reddening Lines




SlopePer Orion NGC ■ 
2244;
Cyg Cep
W v v .24 .22 .20 .22 .22 .26 .24
Eu -b  / ^ - v .69 .69 • 70 .67 ; o
n CD
00t- .69
Ev - r • 75 .75 .82 ; .74 : .64 .64 .75
Ev - v ' / \ - v .29 .29 j .50 ; .24 .26 .29
AA - v 4 .0 6 .2 i7-7  ; 4 .3 6 .8 4 .0
V eb- v 5 .0 5 .5 5 .9  ; 5 .4 5 .6 5 .0
EB-V / E b - V 1 .2 0 1 .12 : 1 .26 1 .16 I .16 1 .2 0
I I I . 2 P h o to m e tr ic  C l a s s i f i c a t i o n  Param ete rs
Using th e  s lo p e s  o f  th e  redden ing  l i n e s  de te rm in ed  in  
s e c t io n  I I I . l ,  we may d e f in e  fo u r  re d d en in g - in d ep en d e n t  pa ram e te rs :
t  = - ( u ’ -u ) + 0 .24  (b -v )
A = (u -b ) - O.69  (b -v )
cp = ( b - V ) - 1 .2 9  (b -v )
6 — (b -v ) - 1.35  ( v - r )
Table  I I I . 2 and I I I . 3, a t  th e  end o f  t h i s  s e c t io n ,  g ive  th e  
v a lu e s  o f  th e s e  p a ra m e te rs  f o r  s t a r s  i n  th e  Galaxy and in  th e  
M age llan ic  C louds, r e s p e c t i v e l y ,  a r ra n g e d  a c c o rd in g  to  s p e c t r a l  ty p e .
9 8 7 6 5
Fig I  2 Schematic Diagrams of the Expected Variation of the Classification Parameters 
with Subclass
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The number in the first column is the number in the catalogues,
Tables II.3 and II.4, section II.1.
The expected variation with spectral subclass of £, of A 
and of cp is shown schematically in Figure III.2.
The princip al emission lines affecting each filter are 
given in Table II.9, section II.3- With reference to that table, 
it is easily seen that, for WN stars, £ measures the strength of the 
NIV A3480 line. It is large and positive when the line is strong, 
and approximately zero when the line is absent. From the definition 
of the WN subclasses in section II.2, it is expected that | will be 
approximately zero for WN8 stars, will increase through WN7 and WN6 
to a maximum between WN5 and WN4, and decrease through WN3. This 
means that a given value of £ does not always correspond to a unique 
subclass.
For WC stars, NIV A3480 is absent and £ is dominated by the 
effect of carbon and oxygen lines in the u-filter. Consequently,
for this group, | will be negative and approximately constant over 
all subclasses.
The presence of a companion will lessen the strength of the 
emission lines above the continuum, and | will be numerically less 
than for a single star of the same WR type. This will be true for 
both WN and WC stars.
A measures the non-linearity, in l/A, of the continuum in 
the region u, b, v. Thus, if a Balmer discontinuity is present, A
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is positive and approximately equal to the magnitude of the 
discontinuity. (This may he seen in the values of A for the 
standard stars in Table III.2. ) Kuhi (1966) has shown that WR 
spectra display virtually no Balmer discontinuity. However, the 
binary stars display an increase in the slope of the energy 
distribution for l/A between 2.3 and 1.8. The v-filter of the 
present system is centred at l/A = 1.9^- Thus, for WN stars, A 
will be more positive if the star is a binary.
For WC stars, A is dominated by the effect of CII M 267 in 
the b-filter, and will decrease from WC9 to WC5«
Figure III.3 gives the graph of A vs | for WR stars in the 
Galaxy. Different subclasses are represented by different symbols; 
unclassified stars are represented by asterisks. With very few 
exceptions, the single stars in different subclasses are separated 
from each other and from the binaries. The divisions are marked by 
dashed lines. WN7 and WNÖ stars are not separated, and the 
separation of the subclasses of the WR stars among the binaries is 
poor. The dotted line provides approximate separation between WN 
and WC binaries. Two WN binaries fall on the WC side of the line; 
one is LS 82, classified as OB+WN (see chapter II.2), and the other 
is LS 71, classified as WNÖ+0B. In both cases, the emission lines 
are unusually weak. Only one WC binary falls on the WN side of the 
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Stars in the very high excitation classes, WN4 and WN3, are 
scattered over the WN6, 7 and 8 and WN+OB regions of the diagram, as 
expected (see Figure III.2).
Most of the stars which do not conform to these divisions 
are of intermediate spectral types; e.g. LS 77, an .intermediate 
class WC7-N6 star, is found in the WC5 region. The positions of 
some other stars indicate that a revision of their classifications 
is required; e.g. LS 19, classified as WC7 by HJS, is assumed from 
its position in the diagram to be a binary.
Thus, the diagram provides confirmation of the general 
consistency of the spectral classification, revises the classification 
of some stars, and determines a classification for those stars for 
which spectra are not available. Stars which have been classified 
from this diagram are marked with an asterisk in Table III.2, and 
the classification is given in brackets, (), in the catalogue, Table 
II.3, section II.1.
Figure III.4 shows the graph of A vs j- for the WR stars in 
the IMC. The WC5, WN7 and 8 stars, and the binaries, occupy the same 
regions as in Figure III.3- WS 4, the only star of previously 
unknown type in this part of the diagram, is classified as WC5 from 
its position in the diagram. There is one important exception to 
the divisions - the IMC star, WS 27, a WN8 star, falls in the WC+OB 
region. The spectrum of this star appears to be normal.
Stars of classes WC6, 7, 8 and 9 are notably absent in the
IMC.
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For | > 0.13, Figure III.4 shows further differences from 
the diagram for the galactic stars. Few spectra are available for 
stars in this region, because they are all very faint. This is 
clearly demonstrated by Figure III.5, which shows the graph of v q 
(see section III.3) against £. Symbols for different subclasses are 
the same as in Figure III.4. Stars between | = 0.13 and 0.40 are 
all brighter than v = 14.3 mag, and have been classified from slit 
spectrograms. They are mostly of classes WN3 and WN4+0B. Almost 
all of the stars with £ > 0.40 have v q between 14.3 and 15*3 mag.
Such a small range of luminosity and of £ implies that these stars 
are intrinsically similar and presumably are all of the same spectral 
class. A spectrogram has been obtained of WS 14, which falls near 
the middle of the range of both £ and v q. It is a WW4 star, showing
strong NV 7\4603 and A46l9> medium strong NIV A34ÖO and A4053, weak 
or absent NIII A4634-40 and a well developed Hell spectrum.
A spectrum has also been obtained of WS 2, which lies 0.5
mag brighter than any other star with a similar value of £. It
displays an extraordinary spectrum; the Hell A4686 line is very
ostrong and has a width of ~80 A (broader than observed in any other 
WN star). The weaker lines present in the spectrum of WS l4 are 
probably present in this spectrum also, but they are difficult to 
identify because of their widths.
We conclude from Figure III.5 that all of the observed stars 
in the IMC with £ > 0.40 are of class WN4.
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R etu rn in g  to  F ig u re  I I I . 4, i t  i s  c l e a r  t h a t  t h i s  
i n t e r p r e t a t i o n  i s  c o n s is te n t  w ith  th e  ( | ,A )  c l a s s i f i c a t i o n .  These 
s t a r s  f a l l  a t  v a lu e s  o f  £ e q u iv a le n t  to  g a l a c t i c  s t a r s  c la s s e d  as 
WN5 and WN6, as ex p ec ted  f o r  WN4 s t a r s .  They have v a lu e s  o f A 
which a re  more p o s i t i v e  th a n  th o se  o f  th e  g a l a c t i c  WN4 s t a r s ;  
however, o n ly  two g a l a c t i c  s t a r s  o f  t h i s  c l a s s  have been  ob serv ed , 
and th e  d i f f e r e n c e  i s  n o t s t a t i s t i c a l l y  s ig n i f i c a n t .
S ta r s  w hich have been  c l a s s i f i e d  from th e s e  d iagram s a re  
marked w ith  an a s t e r i s k  in  T able I I I . 3, and th e  c l a s s i f i c a t i o n s  a re  
g iv en  in  b r a c k e ts ,  ( ) ,  in  th e  c a ta lo g u e , T able I I . 4 , s e c t io n  I I  1.
F ig u re  I I I . 5 ( | , v 0 ) shows th a t  th e  s t a r s  c l a s s i f i e d  as 
b in a r i e s  a re  c o n s i s t e n t ly  more lum inous th an  th e  s in g le  s t a r s  o f  th e  
same WR ty p e . The lu m in o s i t ie s  o f  th e  s t a r s  s y s te m a t ic a l ly  in c re a s e  
as th e  c l a s s i f i c a t i o n  p a ram e te rs  |  (and  a ls o  A) te n d  to  ze ro .
T h is  i s  what we would ex p ec t i f  th e  b in a r i e s  c o n s is te d  o f  
a WR s t a r ,  i d e n t i c a l  to  a s in g le  s t a r  o f  th e  same s u b c la s s ,  to g e th e r  
w ith  an 0 o r  a B s t a r .  The lu m in o s ity  o f  th e  b in a ry  w i l l  in c re a s e  
w ith  th e  lu m in o s ity  o f  th e  com panion, and th e  em issio n  l i n e s  w i l l  
ap p ea r w eaker w ith  r e s p e c t  to  th e  continuum .
For WN s t a r s ,  cp m easures th e  s t r e n g th  o f  th e  H ell A 54ll 
l i n e ,  which te n d s  to  in c re a s e  from WN8 to  WN5. (T h is  l i n e  was 
im p o rtan t in  th e  c l a s s i f i c a t i o n  system  o f  B eals (1938 ), b u t has been 
dropped from th e  system  o u t l in e d  in  s e c t io n  I I . 2 . ) For WC s t a r s ,  
cp m easures th e  s t r e n g th  o f  th e  H ell A5411, CIV A5469 and OV A‘3592
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lines, all of which increase from WC9 to WC5- Figures III.6 and 
III.7 give graphs of cp vs | for stars in the Galaxy and in the IMC, 
respectively. The separation of subclasses is similar to, but not 
as good as, that found in Figures III.3 and III.k (£,A). In 
particular, classes WC5, 6 and 7 are not separated, nor are IMC WNU 
and galactic WN5 stars.
5 was used by Westerlund (1966) to separate WN from WC 
stars. However, Westerlund's v-magnitude is less affected by OV, 
OVI and CII emission lines than is the author's, and his r-magnitude 
is less affected by the Hell A5Ö75 line. Consequently, in the 
Westerlund system, Ö, in WC stars, is dominated by the contribution 
of the emission line CII A4267 to the b-magnitude and is strongly 
negative; in the present system, 5 varies in an ill-defined manner 
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Table I I I . 2
C l a s s i f i c a t i o n  P aram ete rs  f o r  G a la c t ic  S ta r s
S ta r a  ; 5 1 <P i; S ta r A 5 1 <p
WN3 WN7
LS 59 i - .0 8 + .01 +.09 ; + .05 i: LS 25 -..01 . + .03 + .06 : +.02 !
WN4 25 i - .0 2  : +.07 +.09 1 . 00 i
58 i - .1 4 + . l 8 + .42 j + .07 62 : - .0 5  ; - .0 6 + .07 : +.05 ;
46 ; - .1 0 -.0 2 +.31 + . 06 !: 65 - l 4  : +.03 +.06 +.03 :
WN4.5 wn8
10 : +.15 +.07 + .11 : + .02 16 -.0 5 -.0 2 +.05 + o4 ;
WN5 3 4 ; - .0 7 - .1 3 +.06 +.07 i
6 -.1 1 +.01 + .56 + .21 5^ - .0 2 - 05 +.06 + 06 ;
T - .1 0 + .02 +  .61 +  .21 WC5
20 -.0 9 - .0 2 +  .65 +  .29 31 : - 1 5 - .0 8 - 17 +  29 ;
50 - .2 3 - .0 3 +  . 58 + . 20 | j  4 4 1- 27 - .2 2 - .2 0 +  .37 ;
WN6 84 j - .2 2 - .2 4 - 22 +.33 :
* 12 -.0 5 +  .03 + .14 +  .06 86 : - .2 2 - .1 0 - .2 2 +  .28  :
40 - .0 8 .00 : +  ’ l k +.04 WC6
55 - .1 4 - .0 4 1 +.29 +  .11 14 : +  .10 - .1 7 - .2 1 +.32 ;
55 -.0 7 .00 +  .26 +  .12 15 ; +  .07 - .4 1 - .2 0 +.42 :
59 -.1 2 .00 ; +.22 +  .08 24 ; +  .05 - .2 4 - .2 0 +  .33 ;
60 -.1 5 - .0 9 : +.35 + .25 5 *  42 : + .09 - .1 3 - .1 1 +.21 ;
*  66 - .1 5 +.08 +.27 +.05 47 + 0 00 + .05 - .1 5 +.26 ;
6? - .1 4 - .0 2 + .24: +  .12 WC7
*  74 -  .13 + .02 +  .53 +  .15 45 +  .27 - .0 8 - .2 1 : +.20
78 - 2 5 - .2 0 +  .07: +.21 49 +.13 i - .1 3 - .2 1 : +.26
85 - .1 6 - .1 4 +.42 +  .26 51 +.17 — .16 - .2 1 : +.37
87 -.1 0 +  .08 +  .12 +  .05 70 +  .11 : - .3 3 - .2 3 + •  33
96
Table I I I . 2 ( c o n t in u e d )
C l a s s i f i c a t i o n  Param ete rs  f o r  G a la c t ic  S ta r s
S ta r A 5 1 9 S ta r A 6 1 9
WC9 WC7 + OB
LS 56 + .2 4 ; +.11 - .1 1  : - .0 5 *LS 19 - .1 6 - .1 9  ; - .0 7  i + .30
* 64 + .2 2 ; + .22 - .2 2  i + .01 36 + .09 +.01 - .0 6  I +.09
72 + .26 : - .0 2 - .1 1  : - .0 2 63 + .11 - .1 8  : - .0 6  ; + .14
79 +.38 + .08 - .1 9  : - .0 9 69 + .17 - .1 6 - .0 7 +.17
* 80 + .2 - . 0 - . 3 + .08 WC8 + OB
81 + .48 + .07 - .2 0 - .0 2 11 + .10 - .0 3 .00 : +.05
wn4 + OB 85 +.09 - .0 5 - .0 5  i + .08
29 +.05 +.07 + .16 + . 04 WC9 + OB
WN7 + OB 57 + .10 + .03 + .03 +.04
26 - .0 3 +  .02 +  .08 - .0 1 6 l +.88 - .0 7 - .2 1 +  .19
WN8 + OB OB + WN
50 +.07 +  .11 +  .08 +  .01 76 +  .04 - .0 9 + .06 +.08
71 + .02 - .1 4 - .0 6 + .12 82 +.02 - .0 1 .00 + .03
WC5 + OB Wfl -  c
21 +.15 - .2 3 : + .19 +  .22 8 - .2 1 +.14 + .24 +  .10
WC6 + OB 22 +  .02 +.06 + .12 +  .02
9 - .1 5 : +.15 .00 ; +.10 48 - .1 3 - .0 8 +  .15 +.11
27 - .0 1 ; - .1 4 +  .01 : +.28 77 - .0 5 - .3 3 - .1 7 +  . l 8
28 - .0 2 - .0 4 - .0 7 ; +.13
4 l +  .03 ; - .0 3 +  .03 ; .00
*  75 + . 06 : - .2 5 - .0 6 i +.24
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Table I I I . 2 (co n c lu d ed )
C l a s s i f i c a t i o n  P aram ete rs  f o r  G a la c t ic  S ta r s
S ta r A 6 1 ! 9 S ta r  ; A 5 1 j 9
C lass  D oubtfu l S tandards
LS 13: - .0 7 - .0 6  ; - .0 7 + .37 ; I 2 C e t . : +.08 - .03
52: +.21 - .2 4 ; - .4 2 v O r i : +.13 + .10 + .05 - .0 3
58 ;+2.0 + .51 +1.2 T) Hya : +. 44 +.06 - .0 2 - .0 2
68: + .7 - 2 .1  ; - . 2 0 C r t ; +.99 : +.03 - .2 1 - .0 2
75: + .1 + .8 0 V ir  +1.12 j +.02 - .3 0 - .0 3
Of : 109 V ir  1+1.08 ; +.02 - .2 6 .00
/HD91421 + .18 +.09 + .02 - .0 2 58 A q l :+1.09 i .00 - .2 6 .00
148937 + .03 - .0 1  i + .05 .00 HD 3 7 1 9 ;+ ! ‘13 +.10 - .2 4 - .0 3
151804 +.04 - .0 4  i + .05 - .0 1 25938 :+1.12 ; +.12 - 2 3 - .0 4
152408 + .02 - . 0 9 ; + .04 + .04 52812 j +.39 ; +.08 - .0 2 - .0 3
165758 +.03 . o o ; + .05 - .0 2 6 3 3 0 8 : +.44 : +.08 - .0 4 - .0 4
P la n e ta ry Nebulae 72350: +.55 +.03 - .0 9 +.01
; NGC2392 - .1 9 : +.08 - .0 4 86659 ; +-53 ; +.09 - .0 5 - .0 2
3132 - .0 8 +.09 - .8 5 - .0 7 1 1 6 2 2 6 ; +.63 - .0 1 - .1 6 - .0 1
3242 - .1 0 :—1 • 58 +.40 ; +. 57 125721 ; +.17 +.03 +.03 - .0 3
I  4 l8 - .6 5 : - .2 5 - .4 8 158186 i +.12 : - .04 +.04 .00
: I 12448 - .0 5 +.15 +.04 1 7 0 9 7 8 ! +.55 ! - .0 3 - .0 6 - .0 1
1801 8 3 : + .39 : - .04 - .0 1 - .0 1
* C l a s s i f i c a t i o n  from £,A diagram
/  HD 91421 = MR 24; p o s s ib ly  Of spectrum  v a r i a b l e  (see  Table I I . l )
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Table III.3
Classification Parameters for Stars in the Magellanic Clouds
Star A 6 s  j 9 Star ; A ; b \ i  \
WN3 WC5
WS 9 :-.04 :+.03 :+.35 i +.07 : *WS 3 ;-.57 : -.1-9 i +.36
28 1+.06 i+.1 :+.27 :+.06 : 4 \ -.39 ! j-.20 I+ .37
m k 6 !-.30 ; !-.18 !+.27
* 1 +.09 + .57 ;+.26 311 -.32 1 !-.28 ;+.41
2 +.03 +.43 i +.36 35 i-.25 : -.30 i +.45
* 13 -.08 +.63 i+.33 1 WN4 + OB
14 +.11 +•53 j+.30 10 ;-.01 :-.01 : +.33 +.12
* 22 -.02 +.42 ;+.23 11 i-.01 !+.03 ! +.15 -.01
* 25 -.01: +.46:! +.19 45 ! -.10 +.03 ' +.16
*  30 -.02 +.49 ! +  .18 50 ;+  .02 -.06 +.20 +  .04
*  34 -.14 +.43 ;+.17 WN6: +  OB
*  53 -.06 +.57 ;+.19 48 +  .08 .00 I +.23
WN7 WC5 +  OB
18 -.11 -.17 +.11 +  .07 5 +  .12 +.01 ; .00 -.04
19 -.09 +  .02 +.10 +.05 21 -.01 +.03 i -.04 : +.07
46 -.05 +.09 +.04 +.02 23 -.01 : +  .01
47 .00 +.12 +.07 +  .05 24 : +.02 +.03 ! -.01 : +.01
wn8 32 ! - • 05 -.21 -.06 : +.06
8 -.09 ; - . O i +.08 +  .02 39 : +.02 -.16 j -.09 ; +.i4
12 -.10 I-.17 ; +.12 i +.01 40 + .07 +.07 i-.02 ; .00
27 -.07 j -.07 ; -.03 .00 49 i -.02 -.2 ! .00 : +.09
SMC 2 ! - .02 +.04 j +.05 ! +.06
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Table III.3 (concluded)
Classification Parameters for Stars in the Magellanic Clouds
Star A & 1 q> Star A & 1 9
OB + WN Class Doubtful
WS 15 ! + .21 - .0 2  1j /w s 4 2 - . 1 7 - .6  : + .19: + 3 0
26 : + .10 +.11 - .0 2 1 o Vm p Cyg
4 3  : + . 0 5 + .02 .00 - .0 2  i ; HD3 7 Ö3 6 - .0 8 - . 0 4  : + .07 - 01
R 1 3 6  ; + . 0 7 + . 0 7 + . 0 3 - .0 2
SMC 1  i + . 0 1 +.11 + .10 .00 :
* Classification determined from tile £,A and vq, £ diagrams
/ WS 42 is the faintest WR star known in the Magellanic Clouds;
i has not been determined with sufficient accuracy to classify it.
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III.3 Intrinsic Luminosities and Colours of WR stars in the IMC
Intrinsic luminosities and colours of WR stars can be 
determined with good accuracy in the IMC - the distance is 
effectively constant for all objects, the" distance modulus is known 
to within ±0.2 mag, and the uncertainties resulting from interstellar 
absorption are minimal.
Reddening in the IMC has been studied by Feast, Thackeray 
and Wesselink (196 ), by Bok, Bok and Basinski (I962), and by 
Westerlund (1961). Feast et al. observed bright stars scattered 
throughout both Magellanic Clouds and determined the reddening by 
comparing spectral type with observed colour. They conclude that 
stars which are not in nebulosity have an average visual absorption,
A, = 0.21 mag, which is attributed wholly to foreground absorption, 
while stars which are in nebulosity have a mean absorption of 0 40 
mag.
Bok et al. determined a reddening of E„ ,T = 0.0^ mag for 
NGC 1955> which is less than the foreground absorption derived by 
Feast et al.
Westerlund derived the reddening from the HR diagrams of 
young clusters and associations in the IMC by assuming that the 
main sequence for 13 < V < 16 mag is vertical at (B-V) = - 0.25 mag. 
Westerlund's values for clusters and associations containing WR stars 
are given in Table III.4,which gives in successive columns:
1. NGC number of cluster or association
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2. Visual absorption, Ay
3. Colour excess, E
j^d-  V
4. Catalogue numbers (WS) of the WR stars in the cluster or 
association.
Table III.4
Reddening of Clusters and Associations in the IMC 
(after Westerlund, I96I )
NGC Av e b - V WS
2081 0.0: 0.0: 1*9,50
1984 0.6 0.2 27
1962-5-6-TO 0.4 0.13 24,26
2014 0.0 0.0 34
For the purpose of this study, it is assumed that the 
foreground absorption is given by E = 0.04 mag. For WR stars 
in associations studied by Westerlund, the values given in Table 
III.4 are used, except that, for consistency, we take E^ y = 0.04 mag 
for the two associations where Table III.4 gives E^ y = 0.0 mag.
For other stars, the reddening is taken as E^ y = 0.10 mag if the 
star is in nebulosity, and 0.04 mag if it is not, i.e. we adopt the 
difference, 0.06 mag, found by Feast et al.between stars which are 
in nebulosity and stars which are not in nebulosity.
An exception is made in the region of the 30 Doradus 
nebula, where it is known that the absorption is much higher (e.g.
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Faulkner, 1964). The reddening for these stars is derived on the 
assumption that they have the same intrinsic (b--v) as the mean for 
other stars of the same spectral type. Vdlues of derived in
this way are enclosed in brackets, (), in Table III.6.
The ratios between colour excesses in the Johnson UBV 
system and in the present system, and the ratio of tbtal to 
selective absorption, were derived in section III.l. For clarity, 
they are summarised in Table III.5 below.
Table III.5
e b-v : 











1.20 1 0.69 0.24 0.75 0.29 4.0
The colours and magnitudes, corrected for reddening, are 
listed in Table III.6, which is divided according to spectral type.
It is noteworthy that the class WC5 may consist of two 
distinct groups, one comprising WS 6, WS 31 and WS 33, the other 
WS 3 and WS 4. They differ by about 1 mag in luminosity and by 
about 0.1 in the parameter A. It is clear from a comparison of 
Figures III.3 and III.4 that the brighter stars more closely 
resemble the galactic stars. However, the samples are small and 
the differences are not statistically significant. Spectrograms 
are available for WS 4, WS 6, WS 31 and WTS 35* The spectra are
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identical to visual inspection, but the spectrum of WS 4 is widened 
to only 0.1 mm and fine details may be lost.
It is also noteworthy that, amongst the WN7 stars, the two 
in the 30 Doradus nebula are 2 mag brighter than the two which are 
not. Once again, no systematic differences can be found in the 
spectra.
Table III.7 contains the mean values for each subclass.
The errors given are the standard deviations. A mean luminosity 
is not given for the binaries, since their luminosities obviously 
depend on the luminosities of the companions and have a very wide 
range. Absolute magnitudes are calculated on the assumption that 
the distance modulus of the IMC is given by v - = 1Ö.7 mag.
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Table III.6
Intrinsic Colours of WR Stars in the IMC
S ta r  i >i b O  : V 0 ( u ’-b )  !O  ; (u -b) ;O  ; (b -v ) : ( - b - v ’ l ( b - r )
WS 9 : .03 14.15 : 14.27 :
WN3 
- .  50 : - ‘.12 i - .1 2  : - .0 9  : - .2 3
28 ; .03 i 13.82 : 14.06 ; - .4 3  I - .1 0 - .2 4  : - .2 5  ^ - .4
1 .03 : 14.67 14.95
WN4
-.7 4 - .1 0 - .2 8 - .1 0
2 .03 i 13.80 13.98 - .5 7 - .0 9 - .1 8 + .13
13 .08 i 14.26 j 14.42 - .8 6 - .1 9 - .1 6 + .13
14 .03 : 14.45 1 14.59 - .5 6 +.01 - .1 4 +  .12
22 .08 ; 14.32 ; 14.48 - .5 9 - .1 3 - .1 6 +  .03
25 .03 14.74 14.88 - .61 - .1 1 : - .1 4 +  .01:
30 .03 15.10 ; 15.23 - .6 3 -.11 - .1 3 +  .01
34 .08 14.27 14.42 - .7 1 - .2 4 - .15 - .0 2
53 .08 14.19 14.31 - .7 4 - .1 4 - .12 +  .04
18 .03 13.12 13.28
WN7
-.3 7 - .2 2 - .1 6 - .1 4 - .1 5
19 .08 12.15 12.40 -.42 - .2 6 - .2 5 - .2 7 - .4 5
46 (•09) 10.59 10.79 - .2 8 - .1 9 - .2 0 - .2 4 - .4 2
47 ( .2 3 ) 11.04 11.24 - .2 5 - .1 4 - .2 0 - .21 - .4 4
8 .03 : 12.48 12.61
wn8
- .2 9 : - .1 8 - .1 3 - .15 - .2 2
12 ; .03 ; 12.01 11.97 - .1 8 j - .0 7 +  .04 +  .06 +  .20
27 : .16 12.48 12.83 - .3 6 1 - .3 0 I - .35 - .4 4 - .5 6
3 : .08 : 14.65 i 14.78
WC5 
; - .4 9 - .6 5 : - .13 : +.20 : +.10
4 .03 : 14.87 : 15.01 ; - .33 - .4 9 j - .1 4 1 + - 1 9 ; +.1
6 i .08 j 13.4-5 13.63: i  - .2 8 - .42 : - .1 8 : : +.04
31 ! .03 i  13.95 ;14.24 ; - .31 -.52 1 - .2 9 : +.03 : - .1 4
35 ; .08 ; 13.48 : 13.77 i - .2 1 - .4 4 : - .2 9 : +.08 : +.04
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Table III.6 (concluded)
Intrinsic Colours of WR Stars in the IMC
Star : V v : bo V O  : ( u ' - b ) 0 (u-b)  ; 0 . (b-v)  ; 0 : ( b - v ' ) 0 (b - r  ]
; WS'10 ; .08 ; 13.30 : 13.44 ;
WN4 + 01 
- .4 6  ;
J
- .1 0  ; - .1 4  i - .0 6  : - .2 4
11 i .08 j 12.55 : 12.79 ; - .3 8  j -.3-7 j - .24 -.32  ; - .4 4
45 ! ( ■ i s ) ; 12.33 j 12.51 j - .41 - .2 2  j - .1 8  j - .3 3
5 0 ; .03 : 13.07 13.23 ; - .3 3  ^ - .0 9  ! - .1 6  : - .1 7 - .2 3
48 (*24-) 11.93 12.10
WN6: +  C
-.3 0
)B
- .0 3 - .1 7 - .3 0
5 .08 10.26 ; 10.56
WC5 +  01
- .1 5 - .0 8 - .3 0 - .42 - .5 3
21 .08 12.27 12.60 - .2 7 - .2 3 - .33 - .3 5 ~.6o
23 .03 11.14 11.38 - .2 2 - .2 4 - .3 0 - .4 1
24 .11 11.72 12.07 - .2 9 - .2 2 - .35 - .4 4 - .6 3
32 .08 12.84 13.10 - .2 2 - .22 - .2 6 - .2 7 - .3 0
39 .03 12.94 13.22 - .1 5 - .1 7 - .2 8 - .22 - .3 7
40 ( .2 8 ) 10.37 10.63 - .1 6 - .1 2 -.26 - .3 3 - .5 0
49 .03 13.11 13.29 - .1 9 - .1 4 - .1 8 -. 14 - .1 5
15 : .08 i 10.77 10.99
OB + WN 
- .12 : - .22 i “ .30 - .5 4
26 i .11 i 9.27 9.1*7 : - .0 5 : - .0 3 j - .2 0 : - .2 9 : - .4 3
43 ( ■ 2 h ) ;10 .34 10.55 ; - .1 4 j - .0 9 j - .2 1 j - .2 9 j - .3 8
; R136 ( ■ 2b ) j 8.27 8.48 j  - .15 - .0 7 j - .21 i - .2 9 ; - .42
io  6
Table III. J
Mean Intrinsic Luminosities and Colours 
for WR Stars in the LMC
Class : n y
0 O
rQ13 ( u - b ) v '0 O
i R 7v ' o 'C b^T' o MV
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III.4 Comparison of WR Stars in the IMC and the Galaxy
It is important to determine whether or not the WR stars 
in the IMC are significantly different from those in the Galaxy 
Four avenues of comparison are available: distribution amongst the
subclasses, spectral appearance, reddening-independent parameters, 
and luminosity estimates.
a) Numerical distribution among the subclasses
A detailed comparison of the numerical distributions among 
the subclasses requires a knowledge of the distances of the galactic 
stars so that the same volume of the Galaxy may be considered for 
each subclass. However, it is obvious from the catalogues, Tables 
II.3 and II.4, that the classes WC6, 'J, 8 and 9> although well 
represented in the Galaxy, are entirely absent from the IMC, and 
that the class WN4, of which there are comparatively few in the 
Galaxy, are very numerous in the IMC.
b ) Spectral appearance
The spectral appearance of WR stars in the IMC has been 
partly discussed in section III.2. We will now give a more
detailed comparison for each subclass.
WN8 : Essentially the same in the two galaxies.
WN7 : Galactic WN7 stars form a very uniform class. We have 
obtained spectra of four WN7 stars in the IMC. The spectrum of one 
(WS 18) is very similar to those of the galactic stars. The other 
three have unusually broad lines and 'nusually strong Hall A4686.
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WN6 : There are two possible WN6 stars in the LMC. A spectrum has 
been obtained, of one of these (WS 48) and the star appears to be a 
binary. The classification depends on one spectrogram of poor 
quality. A meaningful comparison with spectra of galactic stars 
cannot be made.
WN5,4,3 : In the LMC, the large numbers of stars falling to the 
extreme right of the £,A diagram (£ positive), Figure III.4, have 
been classified as WN4, mainly on the basis of the spectrum of WS l4. 
This spectrum has been described in section III.2 and is very similar 
to that of the galactic WN4 stars, LS 38 and LS 46.
Spectra are available for three other IMC stars with large 
values of |. The spectrum of WS 2 has extremely broad lines (see 
section III.2) and has no counterpart in the Galaxy. WS 28 is 
classified as WN3 (its spectrum shows NV A4603 and A4619 and NIV 
A348o, but NIV A4058 is absent or very weak; Hell is represented 
only by A4686 and A4540), and is similar to LS 39 (HD 104994, 
described by HJS) in the Galaxy. WS 9 is intermediate in spectral 
appearance between WS 28 and WS l4. (it has strong NV A3603 and 
A4619, weak NIV A3480 andM058, weak NIII A4634-40, and lines of Hell 
are weaker than in the spectrum of WS 14.)
WC5 : Spectrograms are available for four of the five LMC stars in 
this class. They are closely similar to each other and to those of 
the galactic WC5 stars. The WR components of the binaries in the 
two galaxies appear to be similar but, in spectra of the more luminous
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LMC s t a r s , th e  f a i n t e r  l i n e s  a re  u n d e te c ta b le  a g a in s t  th e  s tro n g  
continuum .
WC6,7,8 and 9 ’ E n t i r e ly  a b se n t from th e  LMC.
c) P ho to m etric  c l a s s i f i c a t i o n  p aram ete rs
I t  has been  p o in te d  ou t in  s e c t io n  I I I . 2 t h a t ,  in  th e  | ,A  
diagram s (F ig u re s  I I I . 3 and k )  and in  th e  £,cp diagram s (F ig u re s  I I I . 6 
and 7 ) , th e  re g io n s  o ccu p ied  by th e  WC5, WN7 and 8 , and th e  b in a ry  
s t a r s  a re  ap p ro x im a te ly  th e  same f o r  th e  two g a la x ie s .  For f u r th e r  
com parison , T able I I I . 8 l i s t s  th e  mean v a lu e s  and th e  s ta n d a rd  
d e v ia t io n s  o f  A, 6 , |  and cp f o r  each  s u b c la s s .  A ll s t a r s ,  w hether 
c l a s s i f i e d  from sp ec tro g ram s o r  from th e  | ,A  d ia g ra m s , a re  in c lu d e d  
in  th e  mean v a lu e s  as long  as th e  photom etry  i s  r e l i a b l e .
The numbers in  each  c la s s  a re  sm a ll; to  d e te rm in e  th e  
s ig n if ic a n c e  o f d i f f e r e n c e s  betw een them , we app ly  th e  ' t* t e s t .
T ab le  I I I . 9 shows w hich d i f f e r e n c e s  a re  s ig n i f i c a n t  a t  th e  5$> and 
a t  th e  1 °jo co n fid en ce  l e v e l s .
The d i f f e r e n c e  betw een th e  v a lu e s  o f  cp f o r  th e  WN8 s t a r s  
and f o r  th e  OB+WN s t a r s  in  th e  two g a la x ie s  i s  in  th e  sense  t h a t  th e  
H e ll 7\5^H l i n e  i s  s t r o n g e r  in  th e  s p e c tr a  o f  th e  LMC s t a r s .
no
Table III.8
Comparison of Classification Parameters
Galaxy IMC
Class n : A & i ; 9 n ; A 6 : 1 9
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Table I I I . 9
S ig n if ic a n c e  o f  D if fe re n c e s  betw een C la s s i f i c a t i o n P aram eters
C la ss
LMC Galaxy I A q>
WNÖ wn8 - - 1 %
wn4 WN5 5 % 1 % -
WN4 WN4 - - 1 1o
OB+WN OB+WN - - 1 1
The WN4 s t a r s  in  th e  IMC have been  compared w ith  Wl4 
and WN5 s t a r s  in  th e  G alaxy. They have a mean v a lu e  o f  £ which 
f a l l s  betw een th e  mean v a lu e s  f o r  th e  g a l a c t i c  c l a s s e s ,  b u t i t  i s  
n o t s i g n i f i c a n t l y  d i f f e r e n t  from th a t  f o r  th e  WN4 s t a r s .  The mean 
v a lu e  o f  cp f o r  th e  LMC s t a r s  a g re e s  w ith  t h a t  f o r  th e  g a l a c t i c  WR5 
s t a r s ,  b u t d i f f e r s  s i g n i f i c a n t l y  from th a t  f o r  th e  g a l a c t i c  WN4 s ta r s .  
C o nverse ly , th e  v a lu e  o f  A f o r  th e  IMC s t a r s  d i f f e r s  s i g n i f i c a n t l y  
from th a t  f o r  th e  g a l a c t i c  WN5 s t a r s ,  b u t does n o t d i f f e r  
s i g n i f i c a n t l y  from th a t  f o r  th e  WN4 s t a r s .  Thus, e i t h e r  th e se  s t a r s  
a re  o f  in te rm e d ia te  ty p e , o r  th e  group i s  a m ix tu re  o f  WN4 and WN5 
s t a r s .
d ) L um inosity  e s t im a te s
The lu m in o s i t ie s  o f  th e  WR s t a r s  in  th e  IMC have been 
d is c u s s e d  in  s e c t io n  I I I . 3* In  th e  G alaxy, some WR s t a r s  ap p ea r to
be p h y s ic a l ly  a s s o c ia te d  w ith  groups o f  0 and e a r ly  B s t a r s  w hich a re
112
sufficiently close to allow good distance determinations. Graham 
(1965), using Hß and UBV photometry, has determined distance moduli 
for 0 and B stars associated with six WR stars. By making some 
reasonable assumptions regarding the intrinsic colours of the 
galactic WR stars, we may determine the reddening; this is 
preferable to the use of a mean value for the area because absorption 
is very uneven in the regions concerned. The successive columns of 
Table III.10 contain:
1,2. LS and HD numbers of the WR star
3. Spectral classification
4. Assumed intrinsic colour, (b-v)Q
5. Colour excess, E^
6. v absorption, Av = 4
7« Mean visual absorption, A^, in the UBV system, as given by 
Graham
8. v magnitude corrected for absorption, vq = v - A^
9. The distance modulus, m - M, derived by Graham
10. The derived absolute magnitude, .
For the WN7 stars and for the binary WN7+07 star we have 
assumed that (b-v)Q = -0.20 mag, the value found for IMC stars of 
this subclass. Since the mean intrinsic colours of the subclasses 
of the WN stars have a range of only 0.05 mag, it is reasonable to 
assume that the galactic stars will have the same intrinsic colours 
despite the slight spectral differences discussed above. For WC
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and WC+OB s t a r s  we have ad o p ted  th e  mean v a lu e s  o f  ( b -v )Q found fo r  
WC5 and WC5+0B s t a r s ,  r e s p e c t iv e ly ,  in  th e  IMC. 72 Velorum has 
been  assum ed to  be un reddened .
T able I I I . 10
A b so lu te  M agnitudes o f  Some G a la c tic  WR S ta r s  
(by d is ta n c e  m oduli by Graham)
LS HD . Sp ty p e  ; ( b - v ) Q Flb -v  : Av : \  : Vo m-M MV
23 927^0 WN7 : -0 .2 0 0 .23  : .92 j 1 .4  j 5 .52 12 .2 -6 .7
25 93131 ; WN7 : -0 .2 0 0 .1 4  .56  j 1 .4  i 5 .93 12 .2 - 6 .3
26 93162 j m j  + 07 ; -0 .2 0 0 .4 9  1 .9 6  ; 1 .4  j 6 .21 12 .2 -6 .0
62 151932 i WN7 - 0 .20 0 .41  i 1 .6 4  : 1 .7  ! 4 .97 1 1 .3 - 6 .3
63 152270 ■ WC7+05-8 -O .26 0 .2 7  : I .0 8  1 .5  ' 5 .87 11 .3 - 5 .4
11 68273 wc8 + 07 i • - 1 .7 4 8 .3 -6 .6
The t a b l e  in c lu d e s  th r e e  WN7 s t a r s .  The d e r iv e d  v a lu e s  
o f  range  from  - 6 .3  to  - 6 .7  mag. T h is  i s  a sm a lle r  range th a n  i s  
found in  th e  IMC ( - 5*4 to  - 7 -9  mag).
The t a b l e  a lso  in c lu d e s  one b in a ry  WTJ7+07 s t a r ,  w ith  a 
d e r iv e d  v a lu e  o f  = - 6 .0  mag. I f  we assume t h a t  th e  companion i s
o f  lu m in o s ity  c l a s s  V, and ta k e  ( 07V) = - 5-2 mag ( S chm id t-K aler,
1965), we f in d  M^(WR) = - 5-3 mag. T h is  i s  n e a r  th e  low er l i m i t  o f  
th e  range o f  lu m in o s i t i e s  in  th e  IMC. I t  i s  p o s s ib le  t h a t  th e re  a re  
no s t a r s  in  th e  G alaxy w hich a re  com parable to  th e  ex trem ely  lum inous
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pair of WN7 stars in the 30 Doradus nebula.
The other stars in Table III.10 have no counterpart in the 
IMG and are discussed in the next section, 
e) Conclusions
It appears that stars in classes WC5, WN3, WN7 and WNÖ in
the IMC are similar to those in the same classes in the Galaxy,
except that the line Hell A5411 appears to be stronger in the spectra
of galactic WN8 stars than in those of IMC WN8 stars. It is
therefore reasonable to assume that the mean values of M and ofv
(b-v)Q for stars in these classes are the same in the two galaxies.
The stars classed as WN4 in the LMC appear to have 
properties that are intermediate between those of WN4 and WN5 stars 
in the Galaxy. It seems reasonable to assume that the mean values 
of and of (b-v)Q for classes WN4 and WN5 in the Galaxy are the 
same, and are equal to the mean values for stars classed as WN4 in 
the IMC.
III.5 Luminosities of Galactic WR Stars
Classes WC6, J, 8 and 9 are not represented in the IMC and 
class WN6 is represented by two stars of doubtful type. Thus, we 
must determine the luminosities of these classes from observations in 
the Galaxy. Luminosities for two stars in these classes were 
derived in the previous section by the use of distance moduli 
determined by Graham (1965); these values are repeated in Table
III.11. Further information can be obtained if we assume that any
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two WR stars which are seen 'near' each other in the sky and which 
have 'approximately equal' colour excesses are at the same distance. 
If we take the limits for 'near' and 'approximately equal' to he 1?0 
and within 0.20 mag, respectively, we have four pairs of stars in 
which one is of a class whose luminosity is known from observations 
in the IMC. These are listed in Table III.11.
To determine the reddening we must make some assumptions 
regarding the intrinsic colours of the stars. We assume that the 
WW6 stars, both single and binary, have (b-v)Q = -0.17 mag, the mean 
value for the subclasses of the WN stars in the IMC; according to 
the discussion in part (d) of the previous section, this should be 
a good approximation.
We assume that WC6 and W07 stars have (b-v)Q = -0.21 mag, 
and that binaries in these classes have (b-v) = -0.26 mag, the
values found for WC5 and WC5+0B stars, respectively; however, we 
note that the effect of emission lines may make these values 
slightly incorrect.
We take -0.32 mag, the observed value of (b--v) for y2 Vel, 
as an estimate of (b-v)Q for WCÖ and WC9 stars; this value also may 
be somewhat incorrect.
Some of the stars are binaries and we will use the 
absolute magnitudes of 0 and B stars given by Schmidt-Kaler (1965) 
to correct for the contribution of the companion to the total 
luminosity. The v-filter in the present system has an effective
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wavelength close to that of V in the Johnson-Morgan system. For 
early type stars we introduce an error of less than 0.1 mag hy 
assuming that My = M .
The results are given in Table III.11, which contains in 
successive columns:
1. A reference number
2. LS number for the WR stars
3. The assumption made in the derivation of the absolute 
magnitude
4-8. The resulting absolute magnitudes listed according to the 
spectral subclass.
Table III.11
Absolute Magnitudes of Some Galactic WR Stars 
(by comparison of close stars)
Pair
no.








1 11 m - M  = 8.3 -6.6
2 5^,55 'M (WN8) =*-6-2 ; -5.8
3 62,63 m - M  = 11.3 ; -5.4
4 86,87 Mv (WC5) = -4.4 j -5.9
5 116,117 M (WN3) = -4.5 j -6.8
6 45,48 Mv (wn6-c ) = -5.8 i -4.8
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Single WN6 stars occur in two 'pairs' of WR stars, and 
their derived values of differ by less than 0.1 mag; we adopt
Mv (WN6) = -5.8 mag. Also, a binary WN6+B0:I star occurs in pair 5*
Taking (BOI) = -6.2 mag, we find Mv (WN6) = -5.9 mag, in good 
agreement with the adopted value. In the IMC there are two 
possible WN6 stars: WS 48 is classified as WN6+0B in the present
study, and has v q 12.1 mag; hence « -6.6 mag, in reasonable 
agreement with = -5*8 for a single star. Feast et al. classify 
the star Rl40 in the 30 Doradus nebula as WN6; they give V = 11.8 
mag (UBV system), yielding < -6.9mag. This is considerably 
more luminous than found above. It may be that this star is a 
binary.
The class WC7 is represented in Table III.11 by LS 63 in 
pair 3, with M = -5-4 mag. This star is a binary; the companion 
is classified as 05-8 by HJS. Stars of spectral types 05V and 08v 
have = -5.6 and -5*0 mag, respectively. The classification 05 
is obviously incompatible with the total luminosity derived above. 
Further, the spectrum shows the WR emission spectrum standing 
strongly above the continuum, so the WR star cannot be much fainter 
than the companion. If we take the class of the companion as 08v, 
we find Mv (WC7) = -4.1. Pair 5 provides the only other evidence 
available. LS 48 is a WN6 star with somewhat enhanced carbon lines 
(HJS). If we assume that it has = -5*8 mag, as derived for 
normal WN6 stars, we find = -4.8 mag for the WC7 star, LS 45.
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The mean of these values for the absolute magnitude of WC7 stars is 
-4.4 mag. This is equal to the value derived for WC5 stars, which 
makes it seem reasonable.
The class WC6 is not represented in Table III.11. We
would expect these stars to have a mean luminosity intermediate 
between that of WC5 and of WC7 stars and, accordingly, we adopt 
Mv (WC6) = -4.4 mag.
The class WC8 is represented by the star LS 11 (y2 Vel) 
in pair 1, with = -6.6 mag. The classification, 07* for the 
companion is from HJS. Taking Mv (07V) = -5.2 mag yields Mv(WC8) = 
-6.2 mag.
The class WC9 is not represented in the table. In 
spectral appearance it is similar to WC8. We assume that the two 
classes have the same mean intrinsic luminosity.
So far, we have made no use of the absolute magnitudes 
derived by Rublev (1 9 6 3), since he considers that little confidence 
can be placed in his individual values. Comparing the values 
derived above with those in Rublev's Table 6 to which he assigns the 
greatest weight, we find fair agreement for WN6 stars, but 
disagreement for WC8 stars, which Rublev finds to be rather less
luminous than estimated above.
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CHAPTER IV
THE DISTRIBUTION OF WR STARS
IV.1 Galactic Distribution of WR Stars
In the preceding chapter, we have described the 
determination of most of the parameters necessary for the calculation 
of distances for galactic WR stars. For clarity, the adopted mean 
values and standard deviations of the intrinsic luminosities and 
colours are listed in Table IV.1. The assumptions that have been
made in the derivation of these values are summarised below.
1. Stars in each of the classes WN3, 7 and 8 and WC5 in 
the Galaxy have the same mean intrinsic luminosities and colours as 
stars in the IMC in the corresponding subclass. The galactic WN4 
und 5 stars have mean values of M and (b-v)Q equal to those of the 
WI\[4 stars in the IMC.
2. The ratio of total to selective absorption in the UBV 
system is given by R = Av/Eß_v = 3.0.
3. The WR stars in each of the pairs in Table III.11 lie 
at the same distance from the sun.
4. The mean value of (b-v) for WN6 stars equals the mean 
of the values for classes WN4, 7 and 8. The mean value of (b-v) 
for WC6 and 7 stars is the same as that for WC5 stars.
5. The WC9 stars have mean values of and (b-v) equal 
to those of the WC8 stars.
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It has been demonstrated that these are reasonable 
assumptions.
The distances of the binaries have been derived by the 
following procedure :
If an accurate classification is available for the OB 
component of a binary, the luminosity is taken to be the sum of the 
luminosities of the components. The luminosity of the WR star is 
taken from Table IV.1 and that of the OB component from Schmidt- 
Kaler (1965). (We take « M , as in section III.5») These stars 
are represented in Figure IV.1 by the symbol used for the single WR 
star of the relevant class within a circle.
If a classification is not available for the OB component, 
we have estimated the total luminosity by deciding, from the strength 
of the emission lines with respect to the continuum, which of the two 
stars is the more luminous. Such stars are represented in Figure 
IV.1 by the symbol for the WR star in brackets.
For WN^+OB, WN5+0B and WC5+0B stars, the mean value of 
(b-v)Q found in the IMC for these subclasses is used; for other 
binaries, the intrinsic colour is assumed to be equal to that of the 
WR component.
Table IV.2 shows the calculation of distances for the 
WR stars in the Galaxy, and gives in successive columns :
1. LS number of the star
2. Spectral type
3. (b-v) for the spectral class
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4. Colour excess,
5. v-magnitude corrected for absorption, v q = v - 4 v
6. Absolute magnitude, M , for the spectral class
7. Distance modulus, (v - M )v o v
8. Distance, D, in kpc
9AO- Galactic co-ordinates (new system).
The distribution of WE stars, projected onto the galactic 
plane, is shown in Figure IV.1. Heliocentric longitudes are marked 
at the periphery. The sun's distance from the galactic centre, R , 
is taken to be 10 kpc (Arp, 1965", Schmidt, 1965)- The symbols 
used to represent stars of each subclass are given in the legend.
The three WR stars in the Carina nebula have been plotted at the 
distance derived by Graham (1965) (see section III.4).
The stars tend to fall along three approximately circular 
arcs centred on the galactic centre with radii of 6, 8 and 10 kpc. 
These correspond to the Cygnus-Carina, Sagittarius, and Norma-Scutum 
arms, so named by Bok (1959)- The Perseus arm and the Vela spur 
are less clearly marked.
It has been suggested (e.g. Becker, 1964; Bidelman, 1958; 
Kopylov, 1958) that the spiral features in the neighbourhood of the 
sun make an angle of 60° to 70° with the radius vector. Such a
pattern links the Sagittarius arm north of the galactic centre with 
the Carina arm south of the galactic centre, and the Cygnus arm with 
























4 kpc of the sun, the distribution of the WR stars is not 
inconsistent with this model. However, the distribution of the 
more distant stars produces a picture which is much more suggestive 
of circular arms. In the following section we shall give further 
evidence in support of this view.
As pointed out by Roberts (1962), there appears to be a 
complete lack of WR stars in the directions between = l40° and 
220°. From Figure IV.1 it is clear that there are comparatively 
few WR stars outside galactocentric radius R = 11 kpc altogether.
Even so, the gap appears to be significant. Since interstellar 
absorption is comparatively slight in these directions (see Khavtasi, 
i960), we must conclude that the gap is real and that the Perseus 
arm ends at about JL^ = 150°. The few WR stars outside R = 11 kpc 
and south of the galactic anticentre must belong to a spur from the 
Cygnus-Carina arm, as sketched by Bok (loc.cit.). Kraft and Schmidt 
(1963) arrived tentatively at a similar conclusion from a 
consideration of the galactic distribution of the classical cepheids.
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Table IV. 1
Adopted Mean Luminosities and Colours of WR Stars
Class MV S.D. (b-v)o S.D.
VN3 -4.5 : ±o.l -.18 ±.06
WN4 -4.1 ±0.4 -.16 ±.05
V.1I5 -4.1 -.16
0 6 -5.8 -.17
WNT -6.8 ±1.0 -.20 ±.05
w n8 -6.2 ±0.4 -.15 ±.l6
WC5 -4.4 ±0.6 -.21 ±.07






WC'5 L0B -.26 ±.05
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Table IV. 2
Distances for Galactic WR Stars




V - b0 V D j 11
t ,11
1 WN5 - .16 7 2 7 . 6 6  : - 4 . 1 11. 8 2 . 2 9  : 1 2 2 .1 +1. 9  i
2 V.T( He) - .21 . 3 9 9 - 8 7  : 1 2 4 . 6 - 2 . 4  1
3 - .18 .1 8 1 0 . 0 7 : - 4 . 5 1 4 . 6 8. 31 : 129*2 - 4 . 1 :
4 WC6 - .21 . 4 4 8 .8 5 ! - 4 . 4 : 1 3 . 2 4 . 3 6 ; 1 3 7 .6 - 3 . 0 1
5 WC6 - .21 . 6 3 8 .6 0  ; »4 . 4 : 1 3 . 0 3 . 9 8 ; 1 3 8 .9 -2 . 2
; 6 WW5 - .16 . 0 9 6 .5 8 : - 4 . 1: 10. 7 1 . 3 8  i 2 3 4 . 8 -1 0 . 1
7 WN5 - .16 . 4 9 9 .7 8 : - 4 . 1 : 1 3 . 9 6 . 0 3 2 2 7 .8 - 0 . 1 i
; 8 WN6 -C7 - . 1 7 .60 8 . 1 6 j - 5 . 8i 1 4 . 0 6 .3 1  i 2 4 7 . 1 - 3 . 8 ;
: 9 WC6 +0 7 : I - .26 1 .02 6 .9 6 - 6 . 4 : 1 3 . 4 M 9 2 4 9 . 3 - 4 . 8 ;
: 10 wi: 4 .5 - .16 . 3 4 9 .7 2 : - 4 . 1 : 1 3 . 8 5 . 7 5  i 2 4 6 . 0 +0. 6 :
; 11 WC8+07 - . 3 2 .00 1 . 7 4  : -6 . 6 ; 8. 3 0 . 4 6  ; 2 6 2 .8 - 7 . 7  j
: 12 WXS - . 1 7 . 6 5 8 . 4 6  i - 5 . 8; 1 4 . 3 7 . 2 4 2 6 5 .2 - 2 . 0 i
: 1 3 WC6+0B - .26 1 .0 8 9 . 5 1  j - 5 . 0 ; 1 4 . 5 7 . 9 b 2 6 5 . I - 0 . 8 :
: ^ WC6 - .21 . 3 6 7 .9 8  i - 4 . 4 : 12. 4 3 .0 2 2 6 7 .6 - 1 . 6 ;
: 1 3 WC6 - .21 .96 7 .8 9  : - 4 . 4  : 12 3 2 .8 8 2 7 1 . 4 -1 l
16 wn8 - . 1 5 . 4 0 6 . 8 3  i -6 2 i 1 3 0 3 .9 8 2 8 1 .1 -2 6 j
; 1 9 WG7 +0 B - .26 . 3 0 9 . 9 1  ; - 5 0 : 1 4 9 9 - 5 5 2 8 4 . 4 - 3 7 ;
: 20 WN5 - .16 • 7 0 8 . 4 o ; - 4 1 12 5 3 .1 6 2 8 3 .6 -1 0 :
: 21 WC3 +0 B - .26 1 .21 9 .0 1  : -6 2 i 1 5 2 IO .96 2 8 3 .9 -1 2
: 22 WK4 -C+0 B - .18 . 4 8 7 .8 8  1 2 8 5 .0 - 0 9 ;
; 2 3 WN7 - .20 . 2 3 5 .5 2  j -6 8 12 3 2 .8 8 2 8 7 .2 -0 8 :
: 2 b wc6 - .21 . 2 5 8 . 7 1  : - 4 4 1 3 1 4 . 1 6 2 8 6 .8 0 0 ;
\ 2 5 WN7 - .20 . 1 4 5 . 9 3  ; -6 8 12 7 3 .^ 7 2 8 7 .7 -1 1 :
: 26 WN7 + 0 7 - .20 . 4 9 6 .2 1  ; *•7 0 1 3 2 4 . 3 6 2 8 7 .5 -0 7  :
2 7 WC5 +0 B - .26 1 . 2 9 9 . 5 7  ; - 5 0 1 4 6 8 . 3 2 28 7 .2 +0 1
: 28 WC6 +0 B - .26 • 53 1 0 .6 1  : - 4 8 1 5 4 1 2 .0 2 2 8 9 .5 -2 6 ;
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Talle IV.2 (continued)
Distances for Galactic WR Stars
LS Sp (l-v) v 0 V v Vo MV :v -MO V : D f ii VI
■ 291 WN4+B0n:: -.18 .46 8.85: -4.9 13.8 ' 5.75 288.5 0.0
: 30: WN8+0B -.15 .78 7.76 -6.7; 14.5 : 7.9k :289.8 -1. 2
i 31 WC 5 -.21 .41 10.70 -4.4: 15.1 10.47 288.5 +1.9
34; wn8 -.15 .26 6.81 ; -6.2 13.0 3.98: 292.3 -4.8
36 | WC7+B0V -.26 .20 7.45 -6.4; 13.8 5.75 :290.9 -0. 5
: 38: wn4 -.16 • 53 10.84 i-4.1! 14.9 9-55 :291.2 +1.3
39: WN3 -.18 .18 10.24 :-4.5j 14.7 8.71 ;297.6 +0.4
: 4o: WW6 -.17 .89 7.53 i -5.8: 13.3 4.57 ;302.1 -0. 2
: k i :WC6+09.5I -.26 • 15 5.09: -6.4; 11.5 2,00; 304.7 -2.5
: 42 WC6 -.21 • 75 9.49 -4.4 ^ 13.9 6.03 306.0 +0 3
: 44; WC 5 -.21 .36 8.54:-4.4! 12.9 3.8O 306.5 +4. 5
: 5^: WC 7 -.21 • 37 9.58: -4.4 14.0 6.31 307.5 +0.4
: 46: wn4 -.16 .62 10.51 :-4.1: 14.6 8.32 307.3 -2.5
: 47; WC6 -.21 .47 12.09 -4.4; 16.5 20.00 307.5 -1 .6
: 4ö :wn6- c -.17 • 57 8.59 -5.8: 14.4 7-59 307.8 +0. 2
49 WC 7 -.21 .03 : 9*99 -4.4: 14.4 7.59 307.9 -5.0
: 50 WN5 -.16 • 58 : 10.76 :-4.1 14.9 9.55 308.8 -3. 5
: 51 WC7 -.21 1.15 • 8.65 :-4.4 j 13.0 3.98 310.6 +0 8
: 52 WC9: -.32 1.01 ; 9.64 -6.2; 15.8 14.45 310.8 -2 9
: 53 WNö -.17 : .45 : 10.76 :-5.8; 16.6 20.89 311.3 -3 9
j 54 wn8 -.15 : .88 8.19 -6.2; 14.4 7.59 320.1 -1.8
: 55 WN6 -.17 : .91 8.57 -5.0; 14.4 7.59 320.6 -1 2
: 56 WC 9 -.32 : .46 ; 7.59 -6.2 i 13.8 5-75 ; 319.5 -4.8
j 57 WC9+0B -.32 1.23 : 5.23: -7.2: 12.4 3.02 : 322.3 -1.8
: 39 wn6 -.17 : .23 : 9.30:-5.8: 15.1 10.47 : 323.1 -7 6
60 WN6 -.17 ; .80 8.22 -5.8: 14.0 6.31 332.8 -1.5
126
Table IV.2 (continued)
D istances fo r G alactic WR S tars
LS : Sp (b-v) v yo V v V 0
M
V
v -M '0 V 0 111 ü11
61 WC9+0B: -.32 • 92 : 9.48 - 6 .8 ; 16.3 18 .20  i 337.3 1 -1 .1
62 i WN7 - .2 0 .41 : 4 .9 7 - 6 .8 ; 1 1 .8  : 2 .2 9 343.2  : +1.4
6 3 ; WC7+05-8 - .2 6 .27 5.87 - 5 . 5 : 1 1 .4 ; 1 .9 0  : 343.5 : +1.2
64 i wc 9 -.32 1.46 6 .9 1  : - 6 . 2 ; 1 3 . 1 : 4.17 : 341.1 : - 2.6
6 5 ; WN7 -.20 1.01 8 .3 8  i -6 .8 15 .2  : IO .96 341.9 : -2 .4
66 ; WN6 -.17 .82 9 . 5 1 : -5 .8 : 1 5 .3  ; 11.48 341.5 : -4 .1
67 wn6 -.17 1.35 8 .15  : -5 .8- 14.0 ; 6.31 347.1 ; - 0.2
68 WC9: -.32 1.6 8 .7  : -6 .2  i 1 4 . 9 ; 9.55 343.0 : -4 .4
69 WC7+B0V - .2 6 .70 6.93 -5 .0 : 1 1 .9 ; 2.40 352.2 : +1.8
TO WC7 -.21 .09 7 . 0 9 : - 4 . 4 : 11.5 : 2.00 343.2  : -4 .8
71 WN8+0B -.15 1.38 6 . 1 2 ; -6 .7 : 12.8 3.63 352.6 +2.0
72 wc 9 -.32 : .38 9 . 0 8 ; - 6 . 2 ; 15.3 11.48 345.5 -4 .4
73 WC6+0B -.21 1 .36 6.02 : - 5 . O ': 11.0 1 .5 8 353.2 +0.8
74 WN6 -.17 i *91 8.63 : -5 .8 ; 14.4 7.59 354.6 - 0.2
75 WN5: - .1 6 1.65 7 .50 -4 .1  : 11.6 2.09 355.1 -0 .7
76 OB+WN : -.21 .89 7 .5 9 354.7 -1 .1
77 WC7-N6 : --21 i 1.29 7.35 ; -4 .4 11.8 2.29 355.2 -0 .9
78 WW6 I -.17 ; 1.34 8 .0 8 : -5 -8 1 13.9 6.03 356.5 -1 .3
79 wc 9 ; -.32 j .35 7 .6 1 : - 6.2 13.8 5.75 358.5 -4 .9
80 wc 9 : -.32 1.63 7.02 -6 .2 : 13.2 4.36 6.4 : -0 .5
81 w c  9 ; - 3 2 ; 1.04 8.20 i -6 .2  i 14.4 7.59 8 .9 ; +0.1
82 OB+WN i -.21 1 .89 6.60 ; 7-7 : -0 .4
83 WN6 : -.17 : .88 6.71 : -5.81 12.5 3.16 10.8 : +0.4
84 : w c  5 ; -.21 .14 7 .6 9 : -4 .4 : 12.1 2.63 9.2 : - 0.6
85 WC8+BO: -.32 1 .79 6 .2 7 : -6 .3 : 12.6 3.31 18.9 ■ +1.8
86 i WC 5 : -.21 1.11 8.48 - 4 .4 : 12.9 3.80 17.5 - 0.1
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Table IV.2 (concluded)
Distances for Galactic WR Stars
LS j Sp (b-v)0 ! < YO MV <i 0 1 D
M M
8? m 6 -.17 1.31 7.02
COLT\i 12.8 ; 3.63 17.0 -1.0
93 WC5 -.21 1.56 ; 7.24 -4.4; 11.6 2.09 54.5 +1.0
94 wn4+b -.18 .39 ; 8.80 -4.5: 13.3: 4.57 64.0 +1.7
95 WN4 -.16 .18 ; 9.84 -4.1 13.9 6.03 55.6 -3.8
97 WN7 -.20 2.25 ; 3.30 -6.8; 10.1 1.05 69.9 +1.7
98 WC7 -.21 1.34 6.19 -4.4: 10.6 1.32 69.5 +1.1
99 wn4.5 
+09.5la
-.18 .33- 6.24 -6.4; 12.6 3.31 72.7 +2.1
100 WN6 -.17 .42 : 6.63 -5.8; 12.4 3.02 73.4 +1.6
101 wc8+ob -.32 .26 ; 7.47 —6.2; 13.7 5.50 73.6 +1.3
102 wn6 -.17 .42 : 6.05 -5.8; 11.8 2.29 75.5 +2.4
105 WC7+Be -.26 .41 j 6.54 -5.1: 11.6 2.09 74.3 +1 1
104 WN5+0B -.18 .44 : 6.45 -5.7I 12.2 2.75 75.2 +1.1
105 WN7+0 -.20 .65 6.73 -6.8; 13.5 5.01 75^2 +1.0
106 WN5+0O -.18 .56 6.03 -5.7? 3-1.7 2 19 76.6 +1.4
107 WC7P+05 -.26 .50 5.19 -5.9 11.1 1.66 80.9 +4.2
108 WN6+0B -.17 .92 6.47 -5.8 12.3 2.88 75-3 +0.1
109 WC5+0B -.26 1.45 6.52 -6.0 12.5 3-16 77 5 0.0
113 WF7 -.20 .62 8.02 -6.8 14.8 9.12 90.1 +6. 5
115 WW5+0B -.18 .88 8 88 -4.8 3-3 7 5« 50 102.6 +1.4
116 WN3 -.18 .53 9.50 -4.5 14.0 6.31 : 102.2 -09
117 WN6+B0:I -.17 .49 7.24 -6.8 14.0 6.31 ; 102-8 -0 6
ll8 LT\u -.21 • 52 9.61 -4.4 14.0 6.31 ; 103-9 -1.2
119 WN7+07 -.20 • 53 6.82 -7.0 13.8 5.75 ; 105=3 -1.3
120 WN8 -.15 1.03 7.06 -6.2 13.3 4.57 109.8 +0.9
121 WN4.5+BO -.18 .70 7.23 -4.9 12.1 2.63 . 111.3 ; -0.2
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IV.2 Galactic Distribution of the Subclasses
It is clear from Figure IV.1 that the different subclasses 
are differently distributed in the galactic plane. In particular, 
the WC9 stars are found almost exclusively in directions within 45° 
of = 0°, while the WC7 and WN6 stars also show a tendency to 
concentrate towards the centre.
First of all, we test the hypothesis that all subclasses 
are distributed symmetrically about 1^- = 0°. Table IV.3 gives the 
numbers of WR stars brighter than v = 13.0 mag in each subclass 
occurring in the intervals 0° < < l80° and l80° < < 360°,
and the values of X2 derived on the assumption that all subclasses 
occur with the same frequency in both sectors. No distinction has 
been made between binary and single stars. The column marked '?' 
includes stars of doubtful spectral type. The probability of X2 
with one degree of freedom exceeding 3.841 is 0.05. This is called 
the 3% confidence limit and will be used below to define a
Table IV. 3
Distribution of WR Stars about = 0°
(number of stars)
•; Class N3; n4 : N5 N6 N7 n8 : C5: c6; C7 C8: G9 ? Total:
o i H CD O O 2 i 4. ; 4 6 5 2 ; 3 : 2 : 3 2 : 3 5 4l :
>°-360° 1 : 5 ! 3 10 5 5 j 2 i 8 8 1 : 5 2 56
*y 2 A. 0.3: o.i i0.1 1.0 0 1.3 ; 0.2: 3.6: OJ 0.3! 0.5 1.3
129
significant deviation from a hypothetical distribution. None of 
the values of X2 in Table IV.3 exceeds this limit, i.e. none of the 
distributions deviates significantly from symmetry about = 0°.
To test the degree of concentration towards the galactic 
centre, Table IV.4 gives the numbers in each subclass occurring in 
the intervals of A) 60°-l80O-300O and B) 300°-360°-60o.
This effectively separates stars inside a galactocentric radius of 
9 kpc from those outside this radius. All stars are included 
because, while it is possible that the depths of searches have been 
different in the two hemispheres, it seems likely that there will 
be little systematic difference between searches in regions A and 
B. No distinction has been made between binaries and single stars. 
Successive rows give :
1. Spectral subclass.
2,3* Numbers of stars in the subclass in regions A and B, 
respectively.
4. Values of X2 derived on the assumption (i) that all classes
are distributed in the same way. The expected number ratio is 
A:B = the mean value over all stars.
5. Values of X2 derived on the assumption (il) that all classes 
except WC9 and WN6 are distributed in the same way The expected 
ratio is A:B = 64:32.
6. Values of X2 derived on the assumption (ill) that classes 
WC9, WN6 and WC7 are distributed in the same way. The expected
ratio is A:B = 11:30.
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T able IV .4
Comparison o f  D ire c t io n s  in s id e  and o u ts id e  60° from th e  C entre
(number o f  s t a r s )
C lass  
Region .
N3 ! N4 N5 N6 N7 : N8 C5 C6 C7 C8 C9 ? :T o ta l
A 3 j 7 7 : 6 7 : 4 6 8 : 5 2 1 0 15 : 70
B 3 
1-1OJo 3 : 3 3 4 8 1 : 10 6 : 54
X2 ( I ) 2 . 3 1 . 8  3 .2 1 4 .0 0 .8 :0 .0 0 .4  0 .5 . 1 .6 1 .2 :1 2 .8
X2 ( I I ) 1 .5 :0 .5  1 .5! 0 .4 :0 .3 o . o i o . o ; 4 .8 o  ;
X2 ( I I I ) 1 ! 0 -7 0 .8  ^ 3 .9
Row 4 shows th a t  th e  d i s t r i b u t i o n  o f  s t a r s  in  c la s s e s  WC9 
and WN6 i s  s ig n i f i c a n t l y  d i f f e r e n t  from th e  mean d i s t r i b u t i o n ,  in  
th e  sense t h a t  WC9 and WN6 s t a r s  show a s tro n g e r  c o n c e n tra t io n  
tow ards th e  g a l a c t i c  c e n t r e  ( re g io n  B). Row 5 shows th a t  th e  
d i s t r i b u t i o n  o f  WC7 s t a r s  d i f f e r s  s i g n i f i c a n t l y  from th e  mean o f  a l l  
c la s s e s  ex c lu d in g  WC9 and WN6, a ls o  in  th e  sense  th a t  WC7 s t a r s  show 
a g r e a te r  c o n c e n tra t io n  to  re g io n  B.
Row 6 shows th a t  th e  d i s t r i b u t i o n  o f  s t a r s  in  c l a s s  WC9 
d i f f e r s  from th e  mean d i s t r i b u t i o n  o f  th o se  in  c l a s s e s  WC9, WN6 and 
WC7, in  th e  sense t h a t  WC9 s t a r s  show a s tro n g e r  c o n c e n tra t io n  
tow ards th e  c e n tre  o f  th e  G alaxy. T h is  i s  shown more c l e a r ly  by 
Table IV. 5  ^ which g iv e s  th e  numbers o f  s t a r s  in  each  o f  th e se  
su b c la s se s  o c c u rr in g  in  th e  i n t e r v a l s  o f  ü ^ :  C) 45°-”l8 0 O-~315° and
D) 315°-360O“45°, and th e  v a lu e s  o f  X2 d e r iv e d  on th e  assum ption
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that the stars in the three classes have the same distribution. 
Clearly, WC9 stars are strongly concentrated to region D.
Table IV. 5
Comparison of Directions inside and outside 45° from the Centre :
(number of stars)
Class n6 C7 C9
Region
C 9 8 0
D 9 5 10
X 2 0.5 2.1 7.2
In the above discussion, we have made no allowance for the 
effect of the different luminosities of the stars on the apparent 
distribution. As we noted in the previous section, there appear to 
be almost no WR stars in the 120° centred on the anticentre. Thus, 
a comparison between regions A and B is effectively a comparison 
between regions towards the galactic centre and regions towards the 
Cygnus and Carina complexes. The two have effectively the same 
angular extent; Interstellar absorption is severe in all of these 
directions, and will probably affect the numbers of stars observed 
in regions A and B equally. Thus, although more luminous stars may 
be seen to greater distances, the increase in the observed area of 
the galactic plane because of this should be comparable in the two
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regions. Consequently, we conclude that the luminosities of the 
subclasses will have no systematic effect on the apparent 
distributions.
If the above calculations are repeated with only the 
stars brighter than v = 13 mag, the conclusions are similar, but the 
degree of significance decreases. In particular, the concentration 
of WC7 stars towards the centre ceases to be significant. This must 
be due either to the reduction of the sample to a point where a 
genuine difference is not detectable, or to the removal of selection 
effects due to uneven searches in the regions compared. The author 
favours the former explanation; clearly these calculations should 
be repeated when the percentage-completeness of the catalogue at 
fainter magnitudes has been improved.
We conclude that:
1) WC9 stars are concentrated to within 45° of galactic longitude
=0°. If we assume that their distribution is symmetrical 
around the galactic centre, this implies that all WC9 stars occur 
within 7 kpc of the galactic centre.
2) WC7 and WN6 stars are more strongly concentrated to central 
regions (within 60°, or 9 kpc, of the galactic centre) than are 
WN3, 5, 7 and 8 and WC5 and 6 stars.
It is remarkable that the classes that are found to be 
concentrated towards the galactic centre, i.e. WC7 and 9 and WW6, 
are among the classes absent, or nearly absent, from the IMC; not
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one example of class WC9 or of class WC7 is found in the IMC, and 
only two possible W1T6 stars are found. It is also true that WC6
and WN5 stars are not observed in the LMC; however, WN5 stars may 
be mixed with the WN4 stars.
Thus, it appears that the population of WR stars in the 
IMC is quite similar to the population in the Galaxy outside 9 kpc 
from the centre, but quite unlike the population inside this radius.
We have shown that there is a marked difference in 
character between the populations of WR stars found inside and 
outside a galactocentric radius of 9 kpc. Such a difference 
implies that we observe completely different spiral features in 
these two regions. It is unlikely that the character of an arm 
stretching from Sagittarius to Carina would suddenly change where 
the arm passes the sun. Thus, the observed differences amongst 
the distributions of the WR subclasses are considered to be 
conclusive evidence that the optical spiral arms are approximately 
circular, and that the stellar content of the Sagittarius arm 
differs from that of the Cygnus-Carina arm. Differences in 
character amongst spiral arms have been noted in the Andromeda 
Nebula by Baade (1963), and, therefore, it is not surprising to 
find such effects in the Galaxy.
13^
IV.3 Comparison with the HI Distribution
In Figure IV.2, the distribution of the galactic WR stars 
is compared with that of the neutral hydrogen. The latter is derived 
by Kerr (1962) from observations at 21 cm. The scale of Kerr’s 
diagram has been increased by a factor of 1.2 to allow for the 
change to Rq = 10 kpc.
Kerr and Hindman (1966) have recently expressed severe 
doubts regarding the reality of the velocity models used to calibrate 
the observed velocities of the HI in terms of distances. Different 
rotational velocity curves are derived from observations north and 
south of the galactic centre; this implies that the assumption of 
circular orbits, on which the velocity models depend, is not valid. 
Thus, the interpretation of velocity in terns of distance is 
complicated and uncertain. For a comparison of the positions of 
the WR stars and of the HI we seek a model-independent method.
At radio frequencies there are some directions in which a 
sharp increase in the intensity (called an 'edge') is observed. 
These are interpreted as being directions in which the line of 
sight is tangential to a spiral arm. Near an edge we look directly 
along a spiral arm, and we should expect to find a concentration of 
optical spiral tracers there. However, most of the tangent points 
are very distant; among optical spiral tracers, only WR stars, 
because of their extreme luminosities and ease of detection, have 
been observed in sufficient numbers to large enough distances to
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allow a comparison between the directions of the radio edges and the 
directions of concentration of the stars. Table IV . 6 gives, in 
successive rows, the directions of:
1. H-line edges from Kerr (1962, Fig. 10, p. 342).
2. H-line edges from Kerr (1966, private communication), 
derived from recent observations with the 210-foot radio telescope 
of the A.N.R.A.O.
3. Concentrations of WR stars.
The names of the arms are those assigned by Bok (1959)*
The directions of the edges are shown by dashed lines in Figure IV.2.
Table IV . 6
Comparison between Directions of H-line Edges 
and Directions of WR Concentrations
(i11)
Inner edges of Outer edges of
Cygnus-Carina arm Sag Nor-Scu -
Kerr(l9b2) ~ 80° -205° 512°
00KA 338°
Kerr(1966) 305 327
WR 75 290 307 320 342
It is clear from Table IV . 6 and Figure IV.2 that the 
concentrations of WR stars at = 75° and 290° are close to the 
inner edges of the Cygnus-Carina arm, that the concentration at 307°
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is close to the outer edge of the Sagittarius arm, that the 
concentration at 320° falls outside the Norma-Scutum arm, and that 
the concentration at 3^2° is rather closer to the galactic centre
than is the innermost Hl-edge that has been detected.
The above discussion depends only on the assumption that 
the WR stars are observed at the tangent points. The distances of 
the WR stars are subject to two main sources of uncertainty: a) a 
scatter of the intrinsic luminosities, and b) uncertainty in the 
value of R, the ratio of total to selective absorption. The first 
causes only statistical errors in the derived distances and will not 
alter the overall distribution in distance. If the mean value of
distances would be smaller than derived here. However, it seems 
unlikely that the average value of R will be found to be so great 
that the WR stars no longer appear to fall at the tangent points.
were found to be significantly greater than 3-0, all of the
We conclude that, in the Cygnus-Carina arm and in the
Sagittarius arm, the WR stars tend to fall along the inner and 
outer edge , respectively, of the HI arm, while, in the inner 
regions of the Galaxy, the WR stars are found between the HI arms.
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IV.4 Association of WR Stars with OB Associations and with 
HII Regions
In the IMC, the association of WR stars with HII regions 
and with OB associations is easily determined; the galaxy is nearly 
face-on, and the probability of chance superposition is small. 
Westerlund and Smith have noted the location of each star, and the 
information has been reproduced in Table II.4.
In the Galaxy, the situation is more complex. Only the 
nearby associations have been identified and their dimensions and 
distances are poorly known. HII regions are more easily identified, 
within the limitations set by interstellar absorption, but distances 
are lacking, and we must depend on the configuration of the HII 
region with respect to the star to determine if their association is 
real. We now consider each problem in detail.
OB Associations
In this study we have used the catalogue of OB associations 
given by Kopylov (1958); we have considered only those groups to 
which Kopylov assigns more than 4 members. Kopylov gives a "degree 
of authenticity" which is often quite high for the small groups. 
However, this parameter only indicates the degree of separation of 
the groups. It is found that, in the LMC, luminous blue stars can 
occur in the field, clearly separated from "normal" associations 
(these may possibly be members of "super" associations). It is 
considered that at least 10 early-type stars must be present in a
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group before it may be called a "normal" association. Since the 
searches for these stars are probably very incomplete, we accept, 
for the moment, groups of 5 or more, but we feel that the smaller 
groups should be regarded as tentative until checked for the 
presence of further members.
The numbers and names assigned to the associations by 
Kopylov are retained. Tire distances derived by Graham (1965) for 
Car III and Sco I are used in favour of those given by Kopylov.
A WR star is taken to be in an association if it lies within the 
limits of and given by Kopylov, and within a factor, k, of
the distance given by Kopylov (or by Graham). k is equal to 1.6 
for WN7 stars, and equal to 1.3 for all other classes. These 
values correspond to the uncertainty in the distances of the WR 
stars arising from the intrinsic range in their absolute magnitudes; 
for WN7 stars the standard deviation of the absolute magnitude is 
~1.0 mag, while for other classes it is about 0.5 mag (see Table 
IV.1).
Table IV.7 lists the WR stars which may be members of 
associations. Successive columns contain:
1-3. Number, name and distance of the association.
k. Number, n, of stars identified by Kopylov in the association.
5-8. LS number, distance, v-magnitude and spectral type of the
WR star.
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In general,, the agreement between the distance given for 
the association and the distances derived for the WR stars is quite 
good. However, the WR stars assigned to associations nos. 82 and 
86 have derived distances ranging from the smallest to the largest 
that are accepted for membership; it seems likely that not all are 
real members. There is a concentration of four WR stars in the 
direction of Cep I, but at a much greater distance than any known OB 
association. It seems likely that a large association is present 
at this distance, and these WR stars are therefore given in Table
iv.7.
HII Regions
Nebulae that are apparently associated with WR stars have 
been found by searching the Palomar Sky Atlas, the Whiteoak Southern 
Extension of the Palomar Sky Atlas, and the Catalogue of HÖ Emission 
Regions in the Southern Milky Way (Rodgers, Campbell and Whiteoak, 
i960, henceforward referred to as RCW). Coincidences of WR stars 
with nebulae in the RCW Atlas have been confirmed from photographs 
taken with the Uppsala Schmidt telescope. In many cases the 
connection between the WR star and the nebulosity has been 
previously noted in the literature. No attempt has been made to 
credit the first such note. The list of WR stars and associated 
nebulae is given in Table IV.8, which contains in successive columns: 
1-4. LS number, HD number, v-magnitude and spectral type of
the WR star.
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5. NGC or RCW number of the nebula.
6. Brightness of the nebula, taken from the RCW catalogue or 
estimated from the Palomar charts.
7. Number of the nebula in other catalogues. Sh refers to the 
catalogue of Sharpless (i960).
The table is divided into three sections. Part A includes 
stars which lie at the centres of one or more arcs of nebulosity, and 
which are almost certainly responsible for the ionisation of the 
regions; these are henceforward called 'ring' nebulae. The 
frontispiece shows the nebulae NGC 3199 and RCW 58. Johnson and 
Hogg (1965) have published prints of NGC 6888 and NGC 2359 > RCW 104 
may be seen on the Palomar Sky Survey chart (l6 17m, +48°).
Part B includes stars which are near the centre of a large 
HII region or at the centre of some substructure in a large HII 
region. In these cases, many stars undoubtedly contribute to the 
ionisation of the gas. The situation in the region of the Cygnus 
nebula is complex. It is clear from the galactic distribution 
diagram, Figure IV. 1, that the stars in Cygnus are distributed in 
depth from 1 to 6 kpc and cannot all be associated with the nebula. 
However, it is impossible to tell from a visual inspection which 
stars are associated with the nebulosity and which are not. All 
stars in the region have been included in section B, but will be 
enclosed in brackets in the numerical tabulation, Table IV.10.
1kl
Part C includes stars which appear near the edge of an 
extended region of nebulosity, or which appear in or near an arc of 
nebulosity but not at the centre of curvature of the arc. Although 
it is probable that many of these stars are, in fact, associated 
with the nebulosity, this cannot be definitely ascertained from 
their positions alone. It should be noted, however, that there 
are four WR stars occurring within arcs of nebulosity. This seems 
more than would be expected by chance coincidence alone. In 
particular, the star LS 116 appears to lie in an outer arc of the 
nebula Sh 132; this star lies at the same distance from the sun, 
6.31 kpc, as the star LS 117 which is situated near the centre of 
the nebula (and which is therefore included in part B). An 
appraisal of the possibility of chance coincidence is not within 
the scope of this study. Pending such a calculation, we must leave 
these stars out of our statistical considerations.
Table IV.9 contains data on the sizes of the nebulae.and 
is divided into the same three sections as is Table IV.8. Successive 
columns of part A contain:
1. NGC or ROW number of the nebula.
2. Description of the shape of the nebula, or a component of 
the nebula.
3. Angle subtended at the WR star by the component specified
in column 2.
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4. Angular distance in minutes of arc from the star to the 
outer edge of the component of the nehula specified in column 2.
5. Distance of the star from the sun, D, in kpc.
6. Linear equivalent, r, of the dimension in column 4, in pc. 
Successive columns of part B contain:
1. NGC or RCW number of the nehula.
2,3. Maximum and minimum dimensions of the nebula in min of arc. 
4. Mean distance from the sun of the associated WR stars.
5,6. Linear dimensions of the nebula.
Successive columns of part C contain:
1,2. LS number and distance of the WR star.
3. NGC or RCW number of the nebula.
4,5. Dimensions of the nebula in min of arc.
6. Comments regarding the relationship of the WR star to the
nebula.
Table IV.7
WR Stars in Associations
Kopylov Association WR Star
no. Name D
kpc





T: Cyg D 2.75 15 99 i 5.31 





10 ; Cyg II C 1.95 20 102 ; 2 . 2 9  
103 2.09 
1 0 6 ! 2 - 1 9
7.73





11 | Cyg II D 5.00 7 104 : 2.75 8.21 WN5(+0B)






- ; Cep I 1 1 6 i  6.31
117 : 6.31
1 1 8 : 6.31 
119; 5-75
1 1 .6 2 :
9 . 2 0






46 Cas III B 2 .6 o 5 1 2 . 2 9 10.54 WN5
78 : Car III A 2.75* 11 23 ! 2.88
2 5 : 3 . 4 7
2 6 : 4 . 3 6
6.44
6 . 4 9




8 2 : Car IV C 4.90 6 2 9 : 5 . 7 5  
31* : 3 . 9 8  
3 6 5-75






8 5 Cen B 2.40 11 4l . 2.00 5 . 6 9 WC6+09.51
86 ; Cen C 5*55 10 40 : 4.57 
44 : 3 . 8 0  
51 ; 3.98
II . 0 9





Table IV . 7 (concluded) 
WR Stars in Associations
Kopylov Association
no.; Name D n
kpc
89 iSco I 1.82*: 2 0
1 0 2 Sgr III C 2.1+0 ; 13
1 0 3 Sgr III D 3.50 7
1 1 1 ;Sgr IV C 3.60 5
WR Star
LS D V Sp
kpc mag
62 : 2 . 2 9  ; 6.61 WN7
6 3 j 1.90 j 6.95 WC7 +0 5 - 8
8 4 :2.63: 8 . 2 5 WC5
8 3 1 3.16 1 0 . 2 3 wn6
8 6 : 3.80 12.92 WC5
87: 3.63 12.26 wn6
* Distance determined by Graham (1965).
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Table IV.8
WR Stars in Nebulosity
WR Star Nebula




A. Stars Probably Associated with Ring Nebulae
6 50896 j 6 . 9 4 WN5 ROW 1 1 f Sh 5 0 8
7 56925 II.74 WN5 NGC 2 5 5 9 b ROW 5
20 89358 111.20 WN5 NGC 5 1 9 9 b ROW 4 8
5 4 9 6 5 4 8  : 7.85 wn8 ROW 58 m
4 8 117688 ■IO.87 wn6-c ROW 78 f
60 147419 1 1 . 4 2 wn6 ROW 1 0 4 m
102 1 9 2 1 6 5  : 7 . 7 3 wn6 NGC 6888 b Sh 1 0 5
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T able  IV . 8 (c o n tin u e d )
WR S ta r s  in  N e b u lo s ity
WR S ta r Nebula




B. S ta r s  P robab ly  A sso c ia te d  w ith G enera l N e b u lo s ity
11 1 .7 4 WC8+07 Gum
















30 10 .88 WN8+0B RCW 54 m NGC3503?,3572?







NGC 6231 m RCW 113






































n eb u la
m Sh 109
; 121 j 219460 10 .03 WN4+0B Sh 157 m
1 117 i 211853 9 .20 WN6+B0:I: Sh 132 m
T able IV . 8  (concluded.)
WR S ta r s  in  N eb u lo s ity
WR S ta r N ebula




C. S ta r s  P o s s ib ly  A sso c ia te d  w ith  N e b u lo s ity
9 65099 11 .04 WC6 +O7 : I Anon f
42 - 12 .49 WC6 Near 
RCW 75
m
51 121194 15.25 WC7 Anon f
69 156327 9 .75 WC7+B0V RCW 150 in
TO 156585 7 . 4 5 WC7 P a r t o f  
RCW 114
f
71 - 11 .46 wn8 +ob P a r t  o f  
Sh 5
m
i 72 157^51 1 0 .6 0 wc8 P a r t  o f  
RCW 114
f
1 77 - 12 .51 WC7-N6 Anon f
i 8o - 1 3 . 5^ wc8 Anon m I
: 87 - 1 2 .2 6 WN6 P a r t  o f  
Sh 50
m
| 97 - 12 .50 WN7 Anon m





Dimensions of the Nebulae
A. Ring Nebulae Probably Associated with WR Stars
Number ; Shape Angle Outer D Dimension
subtended radius of nebula
min arc kpc pc
RCW 11 : semi-circle ~l8o° IT 1.38 6.8
NGC 2359 ^ circle O O 2.3 6.03 4.0
; plus arcs 10 IT.5
NGC 5199 : semi-circle l8o° 6 3.16 5.5
; plus fainter l8o° 15 13.8arcs




J 4 3.98 4.6
ellipse 3 3.5
RCW 78 I arc 60° 3 7. 59 6.6
RCW 104 : 3 arcs 90° 4 6.31 7.4
45° 11 20.2
45° 11 20.2
NGC 6888 ellipse 360° 8 2.29 5.3
4.5 3.0
li+9
Table IV . 9 (continued) 
Dimensions of the Nebulae
B. General Nebulosity Probably Associated with WR Stars
Nebula Dimensions Mean Dimensions
Max Min D Max Min
(min arc) kpc pc
Gum 1200 720 0.1+6 160 96
Carina 210 210 2 .7 5 * 170 170
RCW 5I+ 20 20 7 -9 : 1+6 1+6
NGC 3 6 0 3 20 10 -
NGC 6 2 3 1 120 7 0 2.1 7 0 1+0
NGC 6 3 5 7 3 5 3 5 1.6: 16 16
Cygnus 1080 1080 ?
Sh 1 3 2 2 2 18 6 . 3 1 1+0 3 3
Distance from Graham (1965)
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T able IV. 9 (co n c lu d ed )
D im ensions o f
C. N ebulae P o s s ib ly  A sso c ia te d
WR S ta r N ebula
LS D Name D im ensions
kpc min a rc
9 4 .7 9 Anon 56 x 54
42 6 .0 3 RCW 75 10 x 5
51 5 .9 8 Anon 20 X 2
69 2 .4 0 RCW 130 45 X  35
TO 2 .0 0 P a r t o f  
RCW 114
60  X  70
71 3 .6 3 P a r t o f 
Sh 5
25 x  20
72 11 .4 8 P a r t  o f  
RCW 114
33 x 2
77 2 .2 9 Anon 10 x 3
80 ; 4 .3 6 Anon 00 X V_M
87 3 .6 3 P a r t o f 
Sh 50
9 x 1
97 I .05 Anon 10 X 2
116 : 6 .31 P a r t  o f  
Sh 132
20 X 1
th e  N ebulae 
w ith  WR S ta r s
Comments 
S ta r  in  a rc
S ta r  n e a r  b r ig h t  rim  on d a rk  
n eb u la
S ta r  n e a r  a rc
S ta r  on edge o f  n eb u la
S ta r  betw een two v e ry  f a i n t  a rc s ;  
d im ensions g iven  a re  le n g th  o f  
a rc s  and d is ta n c e  a p a r t
S ta r  in  a s l i g h t l y  b r ig h t e r  r in g  
in  g e n e ra l  n e b u lo s i ty
S ta r  n e a r  v e ry  f a i n t  a rc
S ta r  n e a r  sm a ll f a i n t  HII re g io n s
S ta r  in  n e b u lo s i ty  betw een NGC 
6514 and NGC 6523
S ta r  in  a rc  
S ta r  in  a rc
S ta r  in  a rc  in  o u te r  p a r t  o f  
n eb u la
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Percentages
In the Galaxy, WR stars, because of their high luminosities 
and. ease of identification, have been found to much greater distances 
than have OB associations or HII regions. To obtain a realistic 
estimate of the percentage of each subclass which occurs in OB 
associations or in nebulosity, it is necessary to restrict the 
magnitude of the WR stars considered. We have done this by 
counting members of the intrinsically faintest classes, WW4 and WN5> 
to a limiting magnitude of v = 12 mag, and of other subclasses to a 
limiting magnitude of v = (12 ~ ÖM^) mag, where is the difference 
between the absolute magnitude of the subclass considered and that 
of the WN4 and WN5 stars (M = -4.1 mag). The mean absolute 
magnitude of binaries is taken as the sum of the luminosities of a 
single WR star and of a star with = -4.5 mag. In this way, WN4 
and WIT5 stars are counted to the completeness limit of the catalogue, 
and other classes are counted to a magnitude corresponding to a 
comparable limiting distance.
In the IMC, none of these difficulties obtains. All of 
the WR stars are included, and their association with OB associations 
or with HlI regions is taken from the catalogue of Westerlund and 
Smith (1964). However, we have not yet determined the spectral 
subclass for 15 of the IMC WR stars. Three of these have been 
observed by Feast et al. (i960), and we accept their classifications. 
One (WS 36) is a member of a very close triplet similar to WS 58;
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we assume that, like WS 58, it is of class OB+WN. The remaining 9 
stars are all fainter than V = 14.2 mag, and are all classified as 
WN stars by Westerlund and Smith (1964). The only disagreement 
between spectral types assigned by Westerlund and Smith and by the 
author lies in that some stars classified by the former as WN are 
here classified as WC5+0B (see Table II.4). Since WC5+0B stars
are all brighter than v = 14 mag, we may assume that all nine stars 
for which we seek a classification are, in fact, WN stars. From 
their luminosities we deduce that they are of class WN4 or WN5. 
Since the number ratio of WN4 to WN3 among the stars already 
classified is 5:1, we do not make a serious error by assuming that 
all nine of these stars are of class WN4.
Results are collected in Table IV.10, which gives in 
successive columns:
1. Subclass of WR stars considered.
2. Limiting magnitude applied in the Galaxy.
5. Number of WR stars of this subclass observed brighter than 
the given limiting magnitude.
4. Number of those in column 5 (expressed as a percentage) 
which appear to be in associations.
5. Number of those in column 5 (%) which appear to be 
associated with general nebulosity (Table IV.8, B).
6. Number of those in column 5 (%) which appear to be 
associated with ring nebulae (Table IV.8, A).
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7- Total number for each subclass in the IMC.
8. Number of those in column 7 (%) which are in associations.
9. Number of those in column 7 (%) which are in nebulosity.
It should be noted that, of the stars in Table IV.8, two 
in part A and five in part B are fainter than the limiting magnitude 
and are not included in columns 5 and 6 of Table IV.10. Stars in 
the Cygnus nebula are given in brackets in column 5 because of the 
uncertainty of their association with the nebula.
The table demonstrates that the distributions are similar 
in the IMC and in the Galaxy. In the IMC, all but one of the
binaries, most of the WN6, 7 and 8 stars, and more than half of the
WC5 stars are in associations, while most of the WN3, 4 and 5 stars 
are not. The association of the WR stars with HII regions is 
similar, except that WN8 stars are not associated with nebulosity 
and a large percentage of WN4 and 5 stars are.
In the Galaxy, significant differences from the above 
generalisations may be summarised:
1. Only about 50% of the binaries appear to be members of 
associations. This is almost certainly due to incompleteness of 
the list of OB associations, and to the lower accuracy of the 
distances derived for binary stars.
2. None of the galactic WN4 or WN5 stars appears to be 
associated with general nebulosity, compared with the 42% of the 
stars in these classes in the IMC which are. Galactic WN5 stars
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a re  f r e q u e n t ly  found in  r in g  n eb u lae , b u t th e s e  n eb u lae  a re  to o  
sm a ll to  be d e te c te d  in  th e  IMC on th e  p la te s  a v a i la b le .
5 . N e ith e r  o f  th e  two g a l a c t i c  WC5 s t a r s  ap p ea rs  t o  be 
a s s o c ia te d  w ith  n e b u lo s i ty ,  b u t th e  d i f f e r e n c e  i s  on ly  s ig n i f i c a n t  
a t  th e  10% c o n fid e n ce  l e v e l .
The ta b u la t i o n  a ls o  g iv e s  in fo rm a tio n  re g a rd in g  th e  
d i s t r i b u t i o n s  o f  th e  s u b c la s s e s  which a re  n o t re p re s e n te d  in  th e  
IMC - WC6 , "J, 8 and 9« T his may be summarised:
1 . Only one (10%) o f  th e  s in g le  s t a r s  ap p ea rs  to  be in  an 
a s s o c ia t io n ,  and none i s  in  n e b u lo s i ty .
2 . About 50°jo o f  th e  b in a r i e s  ap p ea r to  be in  a s s o c ia t io n s ,  and 
a s im i la r  p e rc e n ta g e  ap p ea rs  to  be a s s o c ia te d  w ith  n e b u lo s i ty .
The p r o p e r t i e s  o f  each  s u b c la s s  a re  sum m arised in  Table 
IV .11 , w hich shows th e  ten d en cy  f o r  s t a r s  o f  each  s u b c la s s  to  be 
a s s o c ia te d  w ith  r in g  n e b u la e , w ith  g e n e ra l n e b u lo s i ty  and w ith  OB 
a s s o c ia t io n s .  ’Y es' means more th a n  50%, ’some' means 10 to  50%, 
and 'n o ' means d 0 %  o f th e  s t a r s  a re  observ ed  to  be a s s o c ia te d  
w ith  th e  r e le v a n t  o b je c ts .  A q u e s tio n  mark (? )  in d ic a te s  th e  
p re sen ce  o f  d iv e rg e n c e , as n o te d  above, betw een ev id en ce  from th e  
IMC and from th e  G alaxy. A co lo n  ( : )  in d ic a te s  t h a t  th e  c la s s  i s  
n o t re p re s e n te d  in  th e  IMC, and r e s u l t s  depend on ly  on o b s e rv a tio n s  
in  th e  G alaxy.
I n te r p r e t in g  th e  d i f f e r e n c e s  amongst th e  d i s t r i b u t i o n s  o f
th e  su b c la s se s  as due to  d i f f e r e n c e s  in  t h e i r  av erag e  a g e s , we may
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arrange the WR subclasses in order of increasing age. This order 
is shown in Table IV. 12.
Table IV.10
Percentages of WR Stars in Associations and . n HIT Regions
Glass Galaxy me
Lim. Total $ in $ in $ in Total $ in $ in
mag. no. Assoc'n Gen. Ring no. Assoc Tn Neb 'y
Neb 'y Neb 'y
WN5 11.6 2 0 0 0 2 ; 0 0
wn4 12.0 1 0 0 0 )
WN4.5 12.0 1 0 0 0 )19 : 11$ 42$
WN5 12.0 4 25$ 0 75$ )
WN6 10.5 4 75$ (25$) 25$ 1 ; 100 $ 100$
WN7 9-5 3 100 $ 100 $ 0 6 83$ 83$
WN8 9-9 2 50$ 0 50$ 3 67$ 0
WC5 11.7 2 100$ 0 0 6 67$ 67$
WCb 11.7 4 0 0 0 0
WC7 11.7 4 25$ 0 0 0WCÖ 9-9 0 0
WC9 9-9 2 0 0 0 0
WN3+0B 10.9 0 0
WN4+0B 11.0 2 50$ 0 0 4 100$ 100$
WN4.5 
+0B 11.0 2 50$ 50(+50)$ 0 0
WN5+0B 11.0 2 100 $ (100$) 0 0
WN6+0B 10.0 1 0 100$ 0 1 100 $ 100$
WN7+0B 9-2 2 50$ 50$ 0 1 100$ 100$
WN8+0B 9.7 0 0
WC5+0B 10.9 0 9 89$ 89$
WC6+0B 10.9 1 100$ 0 0 0
WC7+0B 10.9 5 60$ 20(+4o)$ 0 0
WC8+0B 9-7 3 0 ;33(+33)$ 0 0
WC9+0B 9.7 0 0







WN + OB No Yes Yes
WC + OB No Some : Some :
WN3 No No No
WN4 No Some Some
WN5 Yes Some ? Some
WN6 Some Some Yes
WN7 No Yes Yes
WN8 Some No Yes
WC5 No Some ? Yes
w?6-9 No No : No :
OB Association
Table IV.12
Relative Ages of WR Stars 











MASSES AND AGES OF NEBULAE ASSOCIATED WITH WR STARS
It has been found in the preceding chapter that seven WN 
stars are associated with discrete arcs of nebulosity which we have 
called 'ring nebulae'. To determine the relationship between a 
star and its associated nebula we need to know the total mass of 
the nebula and its state of motion.
In collaboration with Mr. Robert Bachelor, of the CSIRO 
Division of Radiophysics, observations at 11 cm (2650 Mc/s) in the 
regions of four nebulae have been made with the 210-foot radio 
telescope of the Australian National Radio Astronomical Observatory.
Optical spectra in the wavelength region of have
been obtained of the brightest parts of two of the nebulae. From 
these, the ratio of the intensities of the [Oil] lines A3729 an<^  
A3726 have been measured and the electron densities of the regions 
determined. The spectra do not yield any information regarding 
the states of motion of the nebulae.
The following sections describe l) the theory of mass 
determination, 2) the uncertainties involved, 3) the determination 
of the total integrated radio flux, 4) the determination of the 
electron densities and total masses of the nebulae, and 5 ) the 
determination of ages for the nebulae.
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V.1 Theory o f  Mass D e te rm in a tio n
A ccord ing  to  O s te r  (196 1 ), th e  f r e e - f r e e  em issio n  
c o e f f i c i e n t , 4 re e^du) e rg  cm“3s e c -1 , in  a l l  d i r e c t io n s  and in  th e  
a n g u la r  freq u en cy  range u to  o) + dw, i s  g iven  hy
4 jt e du) = N N. w e 1
N N. 
e 1
32 Z2 e 6 m 2 I n [ J ’ 2kT| 5  2 m
3 ( 2jt )2 m2 c 3 L kT - L ^ 7m J 7 Z e 2u) -
= e dv a n d  00 = 2irv
V )
we have
16 Z2 e s m 1
i.
i2 I n ■ j ” 2kT~l
3
2 m
3 ( 2 tt)2 m2 c 3 L k T  > ^ 7m J 7 jt Z e 2v-
where
m = mass o f  an e le c t r o n  = 9*108 x 10"28g >
k = B oltzm ann’s c o n s ta n t  = I . 38O X 10“ 16 e rg  deg"1 , 
Z = charge  on an io n ,
-e  = charge o f  an e l e c t r o n  = 4 .803  x 10“10 e su  , 
c = v e lo c i ty  o f  l i g h t  = 2 .9 9 8  X IO 10 cm se c “ 1 ,
7 = E u le r ’s c o n s ta n t  = I . 78I I ,
it = 3*142,
N = number o f  e l e c t r o n s  cm“3 , e
N. = number o f  io n s  cm“3 ,
1 9
T = e le c t r o n  te m p e ra tu re  °K, 
v = freq u en cy  o f  o b s e rv a tio n s  c / s ,
= e m is s iv i ty  e rg  cm"3 s t e r a d ”1 ( c / s ) “' 1
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We may write this more conveniently as
.1
e = N N. Z2 A T“2” Lv e i
where A = (l6 e6 m2 ) / (3(2jt)2 m2 c3 k2 )
= 5*000 x lO“39 cgs esu
and L = In 7 it Z e^v
m
This approximation is given by Altenhoff et al. (i960) for T «
Source
where dft = element of solid angle,
ds = element of depth in the nebula in the line of sight, 
and the integration is carried out over the whole source.
This assumes that the nebula is optically thin, i.e. that the 
optical depth, t , is very much less than one, and that the 
brightness temperature of the background is much less than the 
electron temperature of the nebula. Both these assumptions are 
quite reasonable in the case in hand.
104 °K and v between 1 and 10 Gc/s. It has been verified as 
accurate to better than 1 °}o at 1400 and 2650 Mc/s and for 
temperatures of 1.0 x 104 and 1,5 x 104 °K.
The flux is given by
S = e d£2 ds v
JJ 1Hence, S = A N N. Z2 T~2 L df2 ds.e i
Source
l6o
Assuming that Z and T are uniform over the nebula, we have
1 JJS = A Z2 T 2 L N N. ÖÜ ds . e l
Source
For pure, fully-ionised hydrogen,
Z = 1 and N = N. = N e l
I JIand so, S = A T 2 L N2 d£2 ds .
Source
Further, assuming uniform density over the nebula,
_ l
s = a t 2 l k2 r"2 v ,
where V is the effective radiating volume of the nebula,
l
i.e. V = R2 S l2 / A L N2 .
Substituting the approximate formula for L, we have
l.
V = R2 S T2 / 21.67 A N2 T0'15 v-0*1 cgs ,
yielding V = 50 R2 S T°'35 v°'1 / N2
with V in pc3, R in kpc, N in cm 3, and S in flux units (f.u.).
( 1 f.u. = 10"2S W m-2 (c/s)“1 = 10“23 cgs units.)
This may be written as
V = /(T,v) R2 S / N2




T (°K) V V 1400 Mc/s 2650 Me/
1.5 x 104 1.18 X  io4 1.26 X  10
l.o x io4 1.03 x 104 1.10 X 10
The mass, H  , of the nebula is then given by 
lÜli = N V cgs units , 
where is the mass of an atom of hydrogen.
In more convenient units this becomes
föÜ = 2.48 x IO"2 N V ,
where N is in cm”3, and V is in pc3 , 
i.e. M  /t^ = /' (T,v) R2 S / N ,
where /'(T,v) = 2.48 x 10"2 /(T,v)
Thus, given R, S, N, and T for the nebula we can determine
V and M  .
The electron temperature, T, may be determined from 
optical spectra. Parker (1964) has observed NGC 6888 and estimates 
a temperature of 15;000 °K. It is clear from Table V.l that the 
resulting values of V and Wl vary by only about 15$ for a change 
in the assumed temperature from 15,000 °K to 10,000 °K. Thus, we 
will not incur any serious error by assuming that all the nebulae
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studied have the same temperature as NGC 6888.
For R, we adopt the values determined in section IV.1 
for the associated stars. The determinations of S and N are 
described in later sections.
V.2 Uncertainties in the Mass Determinations
We now summarise the assumptions that have been made and 
the effect that they have, if they are not strictly correct, on 
the derived values of effective radiating volume and mass.
We have assumed that :
1. The radio radiation is thermal in origin, i.e. 
originates from free-free transitions of electrons. Johnson and 
Hogg (1965) (see Chapter i) found that the radio spectral index,
x, of NGC 2359 (where the flux, S, is proportional to v"X ) is 0.13 
±0.05, in good agreement with the theoretical value of 0.1 for a - 
thermal source. No polarisation of the radiation from NGC 3199 is 
found in the present study. Pending evidence to the contrary, it 
is reasonable to expect that all the nebulae observed in this 
program are thermal radio sources.
2. The gas is fully ionised. This is generally the case 
in such regions. If it is not the case, then the mass and 
effective volume derived refer only to the ionised material.
3. The electron temperature of all the nebulae studied is 
15,000 °K, and is uniform over each nebula. It has been shown in 
the previous section that a change in the assumed temperature from
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15,000 °K to 10,000 °K decreases the derived volume and mass by 15$ 
each. Thus, if the temperature of one of the nebulae is lower 
than 15,000 °K, or is very uneven, the error incurred may be of 
this order. Burbidge, Gould and Pottasch (1965) suggest that the 
temperatures of diffuse nebulae may be as low as 6,000 °K. If 
this is the case for one of the nebulae in this study, then the 
error incurred by assuming that T = 15,000 °K is about 25$.
4. The electron density, N, is uniform over the nebula.
N is determined from observations of the ratio between the 
intensities of the [Oil] lines, A3729 and A3726. The value of the 
ratio found will be dominated by that for the brightest, and 
therefore the densest, parts of the nebula. Thus, if N is not 
constant, the mean value will be overestimated, and V and 1Ü. will 
be underestimated.
5. The nebulae are optically thin. This is always the 
case at 11 cm and is evidenced by the fact that the observed 
brightness temperature is always very much less than the electron 
temperature derived from optical spectra.
6. The background brightness temperature is very much
less than the electron temperature of the HII region. This is 
also true at this wavelength, since background brightness 
temperatures are of the order of a few °K, while the electron 
temperatures in the HII region are of the order of 104 °K.
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7. The gas is composed of pure hydrogen. If the 
percentage of helium by numbers is a$ and if all the helium is 
singly ionised, then we have underestimated the mass by (3a)$.
This may be as high as 4-0f;/ and. since all of the nebulae observed 
probably have similar compositions; it will be a systematic error.
Thus; the largest errors are introduced by the neglect 
of the presence of helium, and by the assumptions of uniformity of 
electron density and of electron temperature. The last two are 
probably in opposite directions and together probably amount to no 
more than 10 or 20$.
It will be found in the following sections that the 
derived value of the total flux is subject to an error of 10$ due 
to uncertainty in the absolute flux scale, and to one of 20$, for 
a medium bright source, due to the difficulty of determining the 
background level.
The values of the electron density derived in section 
V.4 have an uncertainty of about 30$, due to uncertainty in the 
measurements of the ratio, r = l(A3729) / l(A3726).
The distances of the nebulae are taken as the distances 
determined for the associated stars (section IV.l). Since most 
of the stars concerned here are WN5 stars, the standard deviation 
of the intrinsic luminosity is 0.4 mag, yielding a 20$ uncertainty 
in the distance and a 40$ uncertainty in each of V and M  , which 
depend on R2 .
165
Thus,the main uncertainties in the mass determinations 
are due to the neglect of the presence of hf lium, and to 
uncertainties in the distances and electron densities. For faint 
sources, uncertainty in the total flux also becomes important.
V.3 Determination of the Integrated Radio Fluxes
Four of the nebulae in Table IV.8.A have been observed 
at 11 cm; these are NGC 319S6 RCW 104, RCW 58, and RCW 11. The 
first two are quite bright at 11 cm, and isophotes have been 
obtained. The last two are very faint, and the observations 
yield only very rough estimates of the total fluxes.
The receiver has been described by Cooper, Cousins, and 
Grüner (1964).
The results are presented as full-beam brightness 
temperatures, Tß, in units of degrees Kelvin. Brightness 
temperature and flux density, S, are related by
S = (2k/A2 ) J Tb dfl ,
Source
and for a point source this reduces to 
S =  (2k/A2 ) TBp fipg
where is the effective full-beam solid angle obtained byr ij
integrating the beam contours over the beam, and T^p is the peak 
apparent brightness temperature of the point source. Thus, the
brightness temperature scale is fixed by the observation of a
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point source of known flux density, and the total flux from an 
unknown source may he determined hy integrating the brightness 
temperature isophotes over the source. For the present equipment, 
Cooper, Price and Cole (1965) give = 5-15 X 10™6 sterad, 
yielding IL = 0.9 S, where S is expressed in f.u., for a point
■D
source.
The standard sources, which were observed each day, are 
given in Table V.2. The flux densities of these sources have 
been determined by Seilem a n  (private communication). The relative 
flux densities are believed to be accurate to 3-5c!°, while the 
absolute scale is known to about 10$.
A check on the constancy of the sensitivity of the 
equipment was maintained by the use of a noise step, produced by 
a neon discharge tube with an effective noise temperature of 
24,300 °K coupled into the aerial feeder. This was repeated 
about once an hour. The noise step was calibrated each day 
against the standard sources and was assumed constant over the 
interval of twelve hours during which observations were made.
Table V.2
Flux Densities of Standard Sources
Source Assumed Flux at 2650 Me/s
0438-43 6.5 f.u.
1302-49 4.5 f.u.
All observations were made with a fixed feed angle.
Absence of polarisation was verified for NGC 3199 by taking two 
scans through the centre of the source » for the second scan the 
feed angle was rotated through 90° with respect to that for the 
first. No difference was detected between the two scans.
To allow for the time constant, t, of the equipment, time 
t on the record was read as (t - t ).
Reduction of the observations
a. NGC 3199» The observations consist of scans in 
declination between -56° and ~60° at intervals of 15 sec of time 
(2' arc) in right ascension between 10 ll^O and lO^fl1!^ * The 
beamwidth at half intensity is 7-35 min of arc (Cooper et al., 
loc.cit. ) so that these intervals represent approximately a quarter 
beam width. Scanning was at a rate of per min with a time 
constant of 1 sec.
The records were measured at intervals of 2 ’ arc in 
declination to produce a grid of points at 2' arc intervals over 
the entire area. The change of zero point with zenith angle was 
determined from a plot of the observed level at the beginning and 
end of each scan,where the record was quite flat, against zenith 
angle. Linear corrections were then applied to each scan
The mean zero point of each scan was determined from 
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declination scans. The zero points determined at the two ends of 
each scan rarely differed by more than 0.1 f.u. The tie-up scans 
were done immediately before or after an observation of the south 
celestial pole, and at the same zenith angle as it. All 
observations are thus referred to the south celestial pole, which 
is assumed to have T^ = 0°K.
i j
The isophotes for the area are shown in Figure V.l.
To determine the integrated flux, the effect of the
background on the observed isophotes must be allowed for. The
region around NGC 3199 is quite complex, and is shown on a larger
scale in Figure V.3* There are four other sources within of
NGC 3199* They are denoted A, B, C, D in order of decreasing
brightness. To determine the contribution of these sources to
the observed brightness temperature in the region of the nebula,
the brightness distributions along the lines X-X and Z-Z-Z,
shown in Figure V.3> are considered. These brightness
distributions, shown in Figure V.2, are both supposed to be due
to the presence of three sources superimposed on a uniform
background level of T„ = 1.3°* The contribution of each sourcea
was estimated by eye and is shown by the dashed lines in the 
figure. The corrected isophotes for the source corresponding to 
NGC 3199 are shown in Figure V.k. The isophotes are labelled in 
°K above the background. The position of the WR star is marked by 
a cross. Integration of these isophotes yields a total flux of
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20 f.u. ±4 f.u. The quoted error is the change in the total flux 
produced by a change of -^°K in the assumed background temperature»
The same procedure was followed in the case of the 
source A, and yielded 92 f.u. ±l4 f.u.
b. RCW104. The observations consist of scans in 
declination between -50° and -52?5 at intervals of 11 sec of time 
(l.'6 arc) between l6^l8a43S and 16^25fli40S. The reduction 
procedure was identical to that described for NGC 3199- The 
resulting isophotes, labelled in °K above the temperature of the 
south celestial pole, are given in Figure V.5 and on a larger 
scale in Figure V.6. The position of the WR star is marked by a 
cross in the diagrams.
To obtain the integrated flux a different method was 
employed. The source lies one degree from a group of very strong 
sources (see Beard, 1966)* consequently, the background level has 
a steep slope across the position of RCW 104. The brightness 
distributions along the lines X--X and Z-Z in Figure V. 5 are shown 
in Figure V.7 with the estimated background shown by the dashed 
lines. The corresponding estimates for the background isophotes 
are shown as dashed lines in Figure V.6. The integrated
brightness temperature of the radio source was derived from the 
difference between the observed isophotes and the estimated 
background isophotes, yielding a total flux of 8.6 f.u. ±1.5 f.u. 
The quoted error is the contribution to the total flux resulting
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from the difference between the observed position of the 1.75°K 
isophote and the estimated position of this isophote for the 
background.
c. ROW 58. This source is extremely faint and could not 
be detected visually on the trace. The observations consist of 
scans in declination between ~64?5 and -65?5 at intervals of 30 
sec of time (3'2 arc) between 11^03m40Sand ll^Oö^lO0. The scanning 
rate was l/4° per min, with a time constant of 5 sec. Three scans 
were made at each R.A. position. The output was digitised
according to a program designed by Beard (1966), with readings 
taken at intervals of 0.'5 arc. The three scans at each R.A. were 
summed. The background level was assumed to be uniform around the 
source, and it was derived by taking the mean of the readings over 
10' arc at each end of each scan. Any differences between the two 
ends of a scan were assumed to be due to instrumental effects, and 
the background level was adjusted on the assumption that these 
effects were linear. The average reading was then found for each 
group of 10 output points (5' arc) along the whole of each scan.
The resulting brightness temperatures are given in Table V.3, in 
units of 0.0055 °K. The four points whose mean positions lie 
within the limits of the optical nebula are enclosed by full lines. 
The points directly east and west of these are within a half beam- 
width of the nebula and are enclosed in dashed lines. The points
north and south are more than a half beam-width from the nebula and
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are not, therefore, significantly affected by radiation from the 
nebula. The mean value and the standard deviation for the points 
within the full lines, and for the points outside the dashed lines, 
are given in Table V. 4. A *t * test on the values in the table
yields t = 4.55; while t = 2.58 is the 1 °jo probability limit for t 
with an infinite number of degrees of freedom. Thus, the observed 
brightness temperature within the boundary of the optical nebula 
is significantly greater than that of the surroundings.
Table V.3
Brightness Temperatures in the Vicinity of RCW 58
(.0055 °K)
Declination Right Ascension : n h +
0 I 3m4os 4m10s ■ 4m40S 5m4os 6m10s
-64° 52:5 -0.2 +2.1 +2.3 -4.7 +3.5 +1.6
57-5 +0.2 -2.4 -4.0 +5-2 -4.6 -1.2
-65 2.5 +4.3 -5.6 -2.8 +8.0 +1.7 +3.4
7.5 +4.6 -4.7 ■ +2.3 +2.3 +5.8 +5.7
12.5 +0.5 : -7.4 +5-7 +8.8 +3.5 +3-8
17.5 +1.3 i! +0.5 1+12.5 +13.4 ! +6.3 1 +5.1
22.5 -0.3 7 -1.4 : ; +18.1 +6.3 j +4. it1 +4.7
27.5 +5.0 : +2.1 +4.1 +0.3 +0.5 -2.8
32.5 +5.5 +0.9 -0.1 “3.5 -3.1 -5.2
37.5 +9.5 ; -1.5 ; -3.1 -4.2 -10.0 -3.1
42.5 +2.4 -2.4 +2.2 -4.4 -0.2 -5.6
: -65 V7.5 -2.5 +0.1 i “5.7 +2.3 ; -0.3 +2.9
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Table V. 14-
Mean Brightness Temperature in the Vicinity of RCW 58
Position No. of Mean Tg S.D.
points (0.00^5 °K)
Within nebula 4 12.6 4.2
Outside nebula 64 0.5 4.1
To obtain the total flux we perform a numerical 
integration over the points in Table V.3 within the dashed lines, 
assuming a background level of 0.5 x 0.0055 °K. The element of 
solid angle associated with each point is (10 X 3-2) sq min arc = 
2.71 X 10"6 sterad. The resulting total flux is 0.2 f.u. This 
is very weak. Fortunately, the nebula lies at galactic latitude 
-4.8, well away from the galactic ridge which, at these wavelengths, 
has a thickness of only 1?5 (Kerr and Westerhout, 1 9 6 5 ). There 
are no other peaks of comparable brightness within the area 
observed. The excellent agreement with the position of the optical 
nebula leads us to believe that the source is real, and that the 
radio radiation originates in the observed nebula. However, the 
determination of the total flux may be in error by as much as a 
factor of two.
d. RCW 11. The observations consist of five scans 
between declinations -25°20T and -22°20' at R. A. 6n52m40S (the R. A.
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of the WR star). The scanning rate was l/4° per min with a time 
constant of 5 sec. The results were digitised, summed and averaged 
over successive intervals of 5 ’ arc as for RCW 58. The average 
values are plotted against declination in Figure V.8, which also 
shows the position of the star and the points at which the annular 
nebula is traversed. The error bars represent the standard errors 
of the mean values. The brightness temperature scale is in units 
of 0.0034 °K. The position of the southern rim of the nebula 
corresponds to a peak in the observed brightness distribution; 
however, that of the northern rim does not, and the background is 
so uneven that it is impossible to associate any feature with the 
optical nebula. We may, however, place an upper limit on the total 
flux by assuming that the peak observed at the position of the 
southern rim is entirely due to radiation from the nebula. Then 
the peak brightness temperature Tßp ~ 0.03 °K. For an estimate 
of the size of the source we take the optical dimensions of the 
nebula. The nebula is part of an annulus with a maximum width of 
5' arc and an inner radius of 15’ arc. A complete annulus of 
these dimensions subtends a solid angle of 4.7 x 10 5 sterad with 
a corresponding upper limit to the total flux of 0.3 f.u.
♦ 15-
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V.4 Electron Densities, Total Masses and Dimensions of the 
Nebulae
Electron Densities
The electron density in an ionised gas may be determined 
from the ratio, r, of the intensities of the 70729 an(d 70726 lines 
of [Oil].
Spectrograms in this wavelength region have been obtained
for NGC 3199 and- for ROW 104. We have used the Nebular
spectrograph with the F/l.2 camera and the 600 line grating; this
ocombination gives a dispersion of 93 A/min in the second order. 
Exposure times were 4 and 4^ hours respectively, on Eastman Kodak 
IIa-0 emulsion. The spectra were calibrated by reference to 
plates exposed in a spot sensitometer for 2J? hours with a Schott 
UG2 filter inserted in the light beam. Tracings of the plates 
were made with a Hilger microphotometer coupled to a Moseley X,Y 
recorder yielding a direct intensity trace. The measured ratios 
are given in Table V.6. The errors are estimated from the range 
of values obtained from tracings made at different positions 
across a spectrum.
The dependence of the ratio, r, on the electron density, 




1 + 0.35e + 2.50 x (1 + 0.75€ )I + 0.40e + 9.9 x (1 + 0.Ö5G ) _
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where e = exp ( - I .96  /  t  ),
x = 10 ' 4 N /  t 2 , 
t  = 10~4 T.
T able V.5 g iv e s  th e  d e r iv e d  v a lu e s  o f  N fo r  a range o f  v a lu e s  o f  
r  and T.
T able V.5
E le c tro n  D e n s i t ie s ,  N
T 1 0 ,000°K 1 5 ,000OK
r
1 .2 340 cm-3 375 cm“'
1 .3 189 206
1 .4 92 87
The d e r iv e d  v a lu e  o f  W i s  r e l a t i v e l y  in s e n s i t i v e  to  th e  
te m p e ra tu re . We assum e, as b e fo re ,  t h a t  T = 15,000°K , and d e r iv e  
th e  v a lu e s  o f  N g iven  in  T able V.6 .
T ab le  V.6
E le c tro n  D e n s i t i e s ,  N, f o r  th e  N ebulae
N ebula r N
(cm- 3 )
ROW 104 1 .3 0  ± 0 .0 6 206 ± 80
NGC 3199 1 .2 6  ± 0 .06 274 ±100
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Total Masses
We are now in a position to calculate the effective 
radiating volumes, V, and the masses, fe , of the nebulae. Table 
V.7 summarises the observational data and gives the derived values 
of V and of li . Successive columns contain :
1. Name of nebula
2,3. LS number and spectral type of the associated WR star 
4. Distance of the star, D, in kpc (from Table IV.2)
5- Electron density, N, in cm”3 
6. Total flux, S, in flux units 
7* Frequency, v, at which S is determined 
8. Effective radiating volume, V, in pc3 
9- Mass of nebula, lii , in solar masses.
The fluxes and electron densities of NGC 6888 and of NGC 
2359 are taken from the paper by Johnson and Hogg (1965)- Masses 
and effective radiating volumes of these nebulae are recomputed 
with the newly determined distances for the nebulae.
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Table V-T
E f f e c t iv e  R a d ia tin g  Volumes and T o ta l M asses o f  th e  N ebulae










NGC 3199 20 : WN5 3 .16 2T5 ; 20 2650 33 230
RCW 104 ! 60 ; WN6 6 .3 1 210 : 8 .6 2650 98
01—1LT\
RCW 58 i 3 4 ; wn8 5 .9 8 200*; 0 .2 2650 1 .0 5 .0
RCW 11 : 6 ; WN5 1 .3 8
8O
J A 0 2650 0 .2 < 0 .9
NGC 6888 ; 102 wn6 2 .2 9 400 : 4 . T 1400 1 .8 I T
f2 1400 86 210NGC 2359 7 WN5 6 .03 100 (5-9 1400 250 630
* assumed v a lu e  
Dim ensions
I t  i s  c l e a r  from a com parison o f F ig u re s  V. 3 and V.6 w ith  
p la te s  o f  NGC 3199 ( f r o n t i s p i e c e )  and o f  RCW 104 (Palom ar Sky 
S u rv ey ), r e s p e c t iv e ly ,  t h a t  th e  ra d io  is o p h o te s  fo llo w  th e  shapes 
o f  th e  nebu lae  c lo s e ly .  Thus, we conclude t h a t ,  in  each  c a se , th e  
e n t i r e  n eb u la  i s  observ ed  o p t i c a l l y ,  i . e .  t h a t  p a r t s  o f  th e  n eb u la  
a re  n o t h idden  by o v e r ly in g  o b s c u ra tio n . RCW 58, NGC 6888 and NGC 
2359 a re  com plete , o r  n e a r ly  com plete , s h e l l s ;  t h e i r  symmetry 
im p lie s  t h a t ,  in  th e s e  c a se s  a l s o ,  th e  e n t i r e  n eb u la  i s  o b served .
I f  th e n  we assume th a t  th e  o b served  a rc s  o f  n e b u lo s i ty  
a re  p a r t s  o f  s p h e ro id a l  s h e l l s ,  we can e s tim a te  th e  s u r fa c e  a re a ,
and th e n ce  th e  th ic k n e s s  o f  th e  s h e l l s .  F u r th e r ,  i f  we assume t h a t
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the matter in the nehula has been swept out of the volume between 
the shell and the star, we can estimate this volume and the mean 
density of the interstellar matter at the beginning of the process.
We assume in these calculations that the shell has rotational 
symmetry about a line from the star to the mid-point of the arc.
Thus, if the observed arc subtends an 'angle of 20 at the star, then 
the shell subtends a solid angle of 2jt:(1-cos 0) at the star. The 
dimensions of the nebulae have been given in Table IV.9*A, in 
section IV.4. Short arcs are treated as parts of spherical shells 
centred on the star. The nebulae RCW 58 and NGC 6888 are treated 
as complete spheroidal shells. The results are shown in Table V.8 
which gives in successive columns :
1. Name of nebula
2. Surface area, in pc2
3* Thickness of shell, in pc
4. Volume swept by shell, in pc3
5. Mean density of the interstellar matter,in atoms/cm3
6. Distance, z, of the star from the galactic plane, in pc.
Interstellar hydrogen is found concentrated to the galactic 
plane in a flat disk, with a thickness of 200 pc (Gum, Kerr and 
Westerhout, i960). Within the disk, it is believed (e.g. Oort,
1955) that the hydrogen is distributed in discrete clouds, each 
cloud having a density of the order of 10 atoms/cm3, and a diameter 
of the order of 10 pc. However, the density can be as high as 10
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atom s/cm 3 . Between th e  c lo u d s , th e  d e n s i ty  i s  p ro b ab ly  much l e s s  
th a n  1 atom/cm"3.
T able V.8
T h ickness o f  th e R a d ia tin g S h e ll
and D en sity o f  th e I n t e r s t e l l a r  Medium
N ebula S u rface  T h ickness Volume Mean D en sity z
Area Swept
PC pc pc3 atom s/cm 3 pc
NGC 3199 190 0 .1 7 350 26 55 :
ROW 104 510 : 0 .1 9 3000 6 .8 165
ROW 58 190 0 .005 240 O.85 334
ROW 11 580 0.0003 1300 < 0 .05 244 I
NGC 6888 180 0 .011 200 3 .6 96 ;




The t a b le  shows t h a t  th e  n ebu lae  s i tu a te d  more th a n  200 pc 
from th e  g a l a c t i c  p lan e  in d i c a te  mean d e n s i t i e s  o f  l e s s  th a n  1 atom / 
cm3 , w h ile  th e  n ebu lae  n e a r  th e  p la n e  in d ic a te  mean d e n s i t i e s  o f  
3 - 2 6  atom s/cm 3 . T h u s ,th e  d e r iv e d  d e n s i t i e s  a re  in  acc o rd  w ith  
th e  u s u a l  p ic tu r e  o f  th e  d i s t r i b u t i o n  o f  i n t e r s t e l l a r  m a tte r ,  ex cep t 
t h a t  some re g io n s  o f  m o d e ra te ly  h ig h  d e n s i ty  seem to  o ccu r up to  
200 pc from th e  g a l a c t i c  p la n e .
l8o
V.5 Ages of the Nebulae
If we suppose that the interstellar matter has been swept 
into the observed, shell configuration by matter ejected from the WR 
star, we can estimate ages for the nebulae.
Johnson and Hogg (1965) give the equation of condition 
for the conservation of momentum:
v is the velocity of ejection, 
t is the time, 
k = W / 3  ,
p is the density of the interstellar medium, 
and r is the radius of the nebula.
This formula assumes the presence of a complete ring.
If the nebula consists of parts of spherical shells, every term in 
equation (l) is multiplied by the same constant representing the 
proportion of the shell present; thus, the equation is unchanged. 
Since we assume that all arcs of nebulosity are parts of spherical 
shells, and since the elliptical nebulae in this study are 
virtually complete rings, no modification of the formula is 
required.
vt - r 
vt a)
where c is the rate of mass loss
Integrating equation (l) yields 
2 cv2 t2 - 4cvrt + 2cr2 - kvr4 = 0. (2)
l8l
We apply this formula to determine ages for the nebulae 
for a range of values of c, the rate of mass loss. We have found 
that; in practice; as long as p > 5 atoms/cm3; and c < 10“ r ifift^ /yr, 
the solution of equation (2) for the time, t, may be written, to a 
reasonable approximation,
t ~ r2 \T k/2cv . (3)
This approximation has not been used in the calculations, but it 
is useful as an indication of the dependence of the derived age on 
the various parameters.
The approach used by Johnson and Hogg is simplified here 
by the adoption of the density of the interstellar matter derived 
in Table V.8. This amounts to assuming that the mass ejected from 
the star is a negligible fraction of the total mass of the nebula.
It can be seen from the results that this is a reasonable 
approximation in most cases.
The value of the ejection velocity used by Johnson and 
Hogg, l400 km/sec, was derived by Underhill (1959) from the violet 
absorption edges in the spectrum of HD 192163- It is not clear
that violet absorption edges represent the velocity of matter being 
ejected from the star. It seems more reasonable to the author to 
take the ejection velocity as one-quarter of the velocity-equivalent 
of the band-width of the Hell A4686 line in the spectrum of the 
star; this assumes that 50$ of the observed band-width is due to 
electron scattering (Munch, 1950) and that the remaining 50$ is due
1Ö2
to symmetrical ejection in both directions along the line of sight. 
This is probably a vast over-simplification, but it should yield a 
correct order of magnitude, and a correct relationship between the 
velocities of ejection found for stars in different subclasses.4Fortunately, the derived age depends only on v and the value 
used is not very critical.
The mean radius of the brightest arcs is used in the 
calculations. For NGC 2359* we follow Johnson and Hogg and 
consider only the inner ring.
The ejection velocities derived are given in Table V.9* 
which contains in successive columns :
1. Name of nebula
2. HD number of the star
3. Mean radius of the brightest arcs, in pc
k. Bandwidth, B.W., of the Hell M 6 8 6  line, in km/sec
5. Adopted ejection velocity, v, in km/sec
6. Reference to the source of the bandwidth measurement.
The computed ages are given in Table V.10, together with 
the total masses of the nebulae. The nebulae are listed in order 
of increasing mass, which is also the order of increasing age.
Figure V.9 shows a graph of log t vs log Ü /  life ^  for c = 10”5 lÜii^ /yr. 
The only point departing from a smooth curve is the one representing 
NGC 2359* The structure of this nebula is much less regular than 
that of the others. In the present calculation, we have used the
Flg1.9 Graph of Log (Age of Nebula) vs Log (Mass of Nebula)
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d e n s i ty  d e r iv e d  on th e  b a s is  o f  Johnson and H ogg's e s t im a te  t h a t  
o n e - th i r d  o f  th e  observ ed  ra d io  r a d ia t io n  o r ig in a te s  from th e  in n e r  
r in g .  I f  th e  t r u e  f r a c t io n  o r ig in a t in g  from th e  in n e r  r in g  i s  
l e s s  th a n  o n e - th i r d ,  th e n  th e  p o in t w i l l  f a l l  c lo s e r  to  th e  mean 
r e l a t i o n  d e f in e d  by th e  o th e r  p o in ts .
Table V.9
E je c tio n V e lo c i t ie s and R ad ii u sed  in th e  Age D e te rm in a tio n s
Nebula HD r B.W. V Ref
pc km/ sec km /sec
NGC 3199 89558 5 .5 3000 700 2
RCW 104 147419 : 14 4230 1000 1
ROW 58 96548 4 .0 1420 350 1
RCW 11 50896 6 .8 3000 700 1
NGC 6888 192163 4 .0 3000 700 3
NGC 2359 56925 4 .0 3000 700 2
1. Sm ith, H .J . (1955).
2 . From s p e c tr a  o b ta in e d  in  th e  p re s e n t  s tu d y .
3. From th e  l i n e  p r o f i l e  g iv e n  by U n d e rh il l  (1959)-
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T able V.10
Ages f o r  th e  Nebulae 
(lO 5 y e a r s )
Nebula
c ( i t 0 /yr) i t
(f t 0 )
Sp Type 
o f  S ta r1 0 '4 1CT5 1 0 "6 10~7
RCW 11 0 .1 9 0 .3 8 0 .9 8 2 .6 0 .9 WN5
RCW 58 0 .3 0 0 .6 7 2 .0 5.7 5 .0 WN8
NGC 6888 0 .31 0 .8 6 2 .6 8 .3 18 WN6
NGC 2359 0 .3 8 1 .1 3 .2 10 213 WN5
NGC 3199 1 .5 5 .0 16 4 l 226 WN5
RCW 104 3 .5 11 35 no 508 WN6
Thus, we f in d  th a t  th e  more m assive nebu lae  are  th e  o ld e r  
ones. T h is i s ,  in  f a c t ,  j u s t  what we would e x p e c t. M a tte r  
e j e c te d  in to  a re g io n  o f  low d e n s i ty  w i l l  n o t sweep up much m ass; 
th e  s h e l l  w i l l  expand r a p id ly  and become l o s t  to  view  in  a 
c o m p a ra tiv e ly  s h o r t  tim e . M a tte r  e je c te d  in to  a re g io n  o f  h ig h  
d e n s i ty  w i l l  sweep up a m assive n eb u la ; th e  ex p an sio n  r a te  w i l l  
d e c re a se  and th e  n e b u la  w i l l  rem ain v i s i b l e  f o r  much lo n g e r .
T h is  e f f e c t  may be seen  by c o n s id e r in g  th e  fo rm ula  f o r  
th e  expansion  v e lo c i ty ,  e q u a tio n  ( l )  above. S im p lify in g  t h i s  
e q u a tio n  y ie ld s
d r / d t  = c ( v t  - r )  /  ( ^  [v t - r ]  + k r 3 ) . (4 )
1Ö5
If k (i.e. p) is large, the term kr3 dominates the denominator 
and dr/dt decreases quickly with increasing t and r. If k is 
very small, dr/dt approximates to v, the ejection velocity, the 
matter escapes freely, and a dense shell is not formed.
This process is clearly illustrated by the appearance 
of the nebula NGC 3199 (frontispiece). The star must be 
situated on the edge of a region of high interstellar density.
To the west of the star, the nebula forms a bright, nearly semi­
circular crescent at a distance of 6 min of arc from the star.
To the east of the star, the arcs of nebulosity are much fainter 
and have a mean distance from the star of ~ 1 5 min of arc. 
Similarly, in NGC 6888, the brightest part of the rim is the 
closest to the star.
This meaos that the lifetime of a ring nebula depends 
on the density of the interstel.lar medium in which the WR star is 
situated. Superficially then, it explains why some WR stars are 
seen associated with these nebulae, while others are not.
However, it was found in section IV.4, Table IV.10 that 75$ of 
WN5 stars, 50$ of WN8 stars, 25$ of WNo stars, and no other class 
of WR star, are associated with ring nebulae. To find the 
reason for this distribution, we look to the distribution 
characteristics of each subclass with respect to general 
nebulosity and to OB associations, as summarised in Table IV.11, 
section IV.4.
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There are two obvious conditions for observation of a 
ring nebula: l) the star must lie in a region where the density
of the interstellar matter is reasonably high, and 2) it must 
not be seen against a background of general nebulosity.
Young; dense associations ionise the surrounding 
interstellar gas and eventually blow it away. At either stage. 
a star situated in such an association is not expected to generate 
an observable ring nebula. Binary WR stars and WN7 stars are 
always found in such associations; WN6 stars are often; but not 
necessarily; found in such associations; WN5 and WNÖ stars are 
found only in loose associations and are never found in general 
nebulosity. Thus, we find that WN5 and WNÖ stars fall most 
frequently in regions suitable for the formation of observable 
ring nebulae, while WN6 stars rarely dO; and WN7 and binary WR 
stars never do.
It is not immediately clear why WN3, WN4 and WC stars 
are not found associated with ring nebulae. However, it was 
concluded in section IV. 4 that; with the exception of the WN4 and 
the WC5 stars; these classes represent the oldest WR stars 
observed. It is reasonable to suppose that any shell which 
formed around these stars has already dissipated. WC5 and WN4 
stars are often found in general nebulosity and in associations; 
however; we would expect them to be associated with ring nebulae
1Ö7
sometimes. Only three stars in these classes are included in 
Table IV.10; the fact that none of these is associated with a 
ring nebula does not vitiate the above explanation.
Equation (4) expresses the expansion velocity of the
nebula in terms of the quantities r, k, v, c, and t which have
been defined above. We have determined r and k with reasonable
accuracy, made a reasonable guess for the value of v, and derived
t for a range of values of c. We may therefore calculate the
expected value of the expansion velocity., dr/dt, of the nebula
for each value of c. These are given in Table V.ll. Obviously,
if we had a well-determined value for the expansion velocity, we
could determine a value for the rate of mass loss, c. It is
found that, for the same range of k and c as specified for the
approximate equation (3 ), equation (4) for dr/dt reduces to
X
dr/dt ~ r_1 (cv/2k)
JL
Thus, dr/dt depends approximately on v2, and the uncertainty in 
the value of v will not introduce any serious inaccuracy into the
derived value of the rate of mass loss.
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Table V.ll
P re d ic te d  V e lo c i t ie s  o f  Expansion f o r  th e  N ebulae
(k m /se c )
Nebula





1 10 "6 IO“7
RCW 11 270 n o 39 11
RCW 58 93 35 13 3.5
NGC 6888 75 2b 8 .1 2 .6
NGC 2359 58 20 6 .0 2 .0
NGC 3199 21 7 . 8 2 .5 O.65
RCW 10b 18 6 .0 1 . 7 0 .6 0
The b r ig h t e s t  o f  th e  n eb u lae  i s  NGC 6888. C ourtes 
( i9 6 0 )  has o bserved  t h i s  n eb u la  w ith  a F a b ry -P e ro t e ta lo n  and 
n o te s  i n t e r n a l  v e l o c i t i e s  o f  ±70 km /sec. U n fo r tu n a te ly , i t  i s
n o t c l e a r  to  which p a r t ,  o r  p a r t s ,  o f  th e  n eb u la  t h i s  range 
r e f e r s .  S ince th e  e l l i p t i c a l  rim  o f  th e  n eb u la  i s  th e  b r ig h t e s t  
p a r t ,  i t  i s  p ro b ab le  t h a t  th e  measurem ent by C ourtes  r e f e r s  on ly  
to  t h i s .  S ince th e  d i r e c t i o n  o f  ex p an sio n  o f  t h i s  p a r t  o f  th e  
n eb u la  i s  p e rp e n d ic u la r ,  o r  n e a r ly  p e rp e n d ic u la r ,  to  th e  l i n e  o f  
s ig h t ,  th e  v e lo c i ty  range m easured by C o u rte s  r e f e r s  m ain ly  to  
th e  c h a o t ic  m otions w ith in  th e  n eb u la  r a th e r  th a n  to  th e  sy s te m a tic  
v e l o c i ty  o f  ex p an sio n . I t  may be seen  from Table V.ll t h a t ,  i f
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the expansion velocity of NGC 6888 is JO km/sec, then the rate of 
mass loss from the star must be about 10"4 ilk^/year to account 
for the observed nebula.
Clearly, it is most important to determine the expansion 
velocity of this nebula. On the Palomar Observatory Sky Survey 
Chart , E200 (+36°, 20h04m),of this region, filaments can clearly 
be seen over the entire area within the bright rim. It should be 
possible to obtain a slit spectrogram near the centre of this 
nebula which will show any difference between the velocities of 
the near and far sides of the shell.
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CHAPTER VI
THE EVOLUTION OF WR STARS
In this chapter, we consider some evolutionary 
implications of the data collected in this study.
We found in Chapter IV that WR stars may he arranged 
according to their apparent age - WN7 and binary WR stars are 
the youngest, WN3 and WC6-9 ehe oldest. This sequence has two 
possible interpretations :
a) The WR stars evolve through the subclasses from WN7 
to WC stars.
b) The older stars are less massive than the younger 
ones and therefore enter their WR phase later and/or remain in 
the WR phase longer.
To distinguish between these two possibilities, we 
consider the positions occupied by the stars in each subclass in 
the HR diagrams of clusters and associations. Westerlund (1961, 
1964b) observes that WR stars occur at the turn-off point of the 
main sequence. The stars observed by Westerlund incJude WN7 and 
WNÖ stars and binary WR stars. In the IMC there are two faint 
WN stars, WS 51 and WS 53, in associations; unfortunately, the 
HR diagrams for these associations have not yet been obtained. 
However, one other faint WN star, WS 25, classified as WN4 from 
photometric criteria, is Westerlund's no. 5 in the region of the
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cluster b 1. It may be seen from the HR diagram (Westerlund' s 
Figure 27) that the WR star falls on the main sequence nearly 2 
mag below the turn-off point.
This strongly suggests that b) above does not obtain.
The presence of WN7 and WNÖ stars at the turn-off point implies 
that a star first shows WR characteristics when it reaches this 
point. A WR star well below the turn-off point most probably 
attains that position by rapid evolution from the more luminous 
WR stars at the turn-off point.
Further evidence is provided by the ages determined in 
Chapter V for the nebulae associated with WR stars (Table V.IO).
It follows frfm the discussion in that chapter that, under the 
assumptions made, the age of the WR phase of the central star 
must equal the age of the nebula. This is so because each star 
can only form rne nebula; once such a nebula has dissipated, the 
interstellar matter in the vicinity of the star is swept away, 
and another nebula cannot be formed. If the star evolves from 
one subclass to another, the central stars of the older nebulae 
must be of later type. The nebulae for which the age estimates 
are the most reliable are RCW 58, NGC 6888 and NGC 3199- Table 
V.IO shows that, in order of increasing age of the nebulae, the 
spectral types of the central stars are WN8, WNÖ and WN5, which is 
consistent with the sequence of ages for the stars. Of the other
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three nebulae, NGC 2359 has an irregular structure, and it was 
suggested in Chapter V that the derived age may be an over­
estimate. The ages given in Table V.10 for the remaining two 
nebulae, RCW 11 and RCW 104, do not place their central stars in 
the expected sequence. However, RCW 11 was not detected at 11 
cm; although we attempted to estimate an upper limit for the 
mass, and hence for the age, of the nebula, no weight should be 
placed on the result. RCW 104 surrounds the star LS 60
(HD 147^19). This star is classified as WN6, but, together with 
LS 83 (HD 165688), it may represent an intermediate type between 
classes WN5 and WN6 (see the classification diagrams Figures III.3 
and III.6, and the descriptions of the spectra by HJS). Thus, we 
may have over-estimated the luminosity, and hence the distance, of 
this star. Since the derived age of the nebula depends on the 
square of the assumed distance, a decrease in the assumed 
luminosity of the star will decrease the derived age considerably.
The WN7 and WHS stars appear in the HR diagrams of 
clusters amongst stars with masses of about 60 (Limber, i960) 
and must, therefore, have masses of this order of magnitude.
From binary stars in the Galaxy, mass estimates are available for 
one WN5, one WN6 and one WC8 star (see Table 1.6). These are of 
the order of 10 iiii^ . Although the values are very uncertain, WN7 
and WN8 stars are clearly much more massive than are WN5, WN6 and 
WC8 stars. Thus, if a WN7 star is to evolve into a WN5 star, it
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has to lose a significant fraction of its mass.
The mass lost by a WR star situated in a ring nebula 
during the lifetime of the nebula may be estimated from the type 
of calculations given in Chapter V. There is considerable 
uncertainty in such estimates due to lack of direct evidence 
regarding the rate of mass loss and the ejection velocity.
These uncertainties have little effect on the deductions made in 
Chapter V, but the derived values of the total mass loss are 
quite sensitive to the assumed values. Table V.10 yields 
estimates of the total mass loss as high as 15 , which is of
the required order of magnitude.
In the light of the above discussion, we suggest that 
WR stars originate from stars with masses of the order of 60 ii^ . 
When the star reaches the turn-off point it begins to contract; 
no reason for this contraction is presently obvious. As shown 
by Limber (1964), such a contraction can result in forced 
rotational instability, and the star becomes a WN7 star. The 
subsequent evolution is probably very rapid, the star continues 
to lose mass and contract until it becomes a WN4 or WN5 star.
By this time it is likely that a large portion of the outer 
layers of the star, presumably containing a high proportion of 
hydrogen, have been spun off. This will leave a helium rich 
core favourable to the formation of the high concentrations of 
carbon that are observed in the atmospheres of WC stars.
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We do not have sufficient evidence to trace the exact 
sequence of the subclasses; there may be more than one possible 
route. WC9 stars, in particular, present a problem. We have 
estimated their absolute magnitude as -6.2 mag. It seems 
unlikely that a WN4 or WN5 star with = -4.1 could subsequently 
attain such a high luminosity. We found in Chapter IV that WC9 
stars are closely concentrated to the galactic centre, as are Wl\f6 
and WC7 stars though to a somewhat lesser degree. It is possible 
that WN6 stars evolve into WC9 and WC7 stars. The initial 
conditions may be important in deciding which evolutionary path 
any given star will follow. However, it is not clear at this 
stage just what their effect will be.
As further support for the proposed evolutionary path 
we note the following points :
a) Kuhi(l966) has shown that all single WN stars have 
about the same temperature. Thus, the lower luminosity WN4 and 
WN5 stars must have much smaller radii than do the more luminous 
WN7 and WNÖ stars.
b) The WN5 component of V444 Cygni appears to have an 
unusually high mean density. Kron and Gordon (1950) derived a 
value of 1.12 p . Sahade (1965) has questioned this value on 
the grounds that it depends on a poor determination of the 
luminosity ratio of the components of the binary. We are now in
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a position to re-estimate this ratio. The components are 
classified as WN5 and 06. Table IV. 1 gives = -4.1 mag for a 
WN5 star. Schmidt-Kaler (1965) gives = -5*4 mag for an 06 V
star. Thus, the magnitude difference is 1.5 mag, corresponding 
to a luminosity ratio of 5.5« Russell (1944) (see Table I.9) 
has shown that a luminosity ratio of 5-0 gives a derived density 
of about one-third that given by a luminosity ratio of 5*0, the 
value assumed by Kron and Gordon. Thus, we estimate the density 
of the WR component of V444 Cygni to be 0.4 p^. This is still 
significantly greater than 0.1 which is given by Schmidt-Kaler 
(1965* P-309) for a main sequence star of 6.5 •
c) Preliminary calculations show that, as a star 
contracts and loses mass and angular momentum, the rotational 
velocity at which instability occurs will increase. This agrees 
with the observed increase in the average line widths from WN7 
and WN8 stars to WN5 and WC stars.
We have observed (see Table IV. 12) that binary WR stars 
all appear to be very young, regardless of the subclass of the WR 
component. We suggest the following explanation for this 
phenomenon. Consider a potential WR star near the turn-off point. 
As it evolves towards the turn-off point it expands (SchwarzschiId 
and Harm, 1958) and overflows its equipotential lobe (see Struve, 
1958)* Matter will then escape, principally through the
196
L agrang ian  p o in ts ,  some b e in g  l o s t  to  th e  system  and. some p a s s in g  
to  th e  companion. In  t h i s  way, th e  p o t e n t i a l  WR s t a r  lo s e s  mass 
q u ic k ly  and ev o lv es  in to  an 'o ld e r*  ty p e . M eanwhile, th e  
companion becomes more m assive and rem ains on th e  main sequence.
Because o f  th e  r a p id  e v o lu tio n  p re d ic te d  fo r  WR s t a r s  
in  b in a r i e s ,  we would ex p ec t to  f in d  v e ry  few o f  th e  young WN7, 
WNÖ and WN6 s t a r s  as components o f  b in a r i e s .  R eference to  th e  
c a ta lo g u e s ,  T ab les  I I . 3 and I I . 4, shows t h a t  t h i s  i s  c l e a r ly  th e  
c a se . Some i r r e g u l a r i t i e s  a re  a ls o  e v id e n t.  For exam ple, 
th e r e  a re  v e ry  few b in a ry  WC9 s t a r s  known, a lth o u g h  WC9 s t a r s  a re  
b e l ie v e d  to  be c o m p a ra tiv e ly  o ld j in  th e  IMC th e re  i s  a v e ry  
la rg e  number o f  WC5 s t a r s  in  b in a r i e s .  These i r r e g u l a r i t i e s  
a l s o  have a p o s s ib le  e x p la n a tio n  in  th e  p re s e n t  scheme. The 
sequence o f  WR ty p e s  t h a t  a s t a r  p a s se s  th ro u g h  w i l l  depend upon 
th e  r e l a t i v e  im portance o f lo s s  o f  mass and lo s s  o f  a n g u la r  
momentum. T his may be a f f e c te d  by th e  p re sen ce  o f  a companion. 
Thus, th e  sequence o f  WR ty p e s  may no t be th e  same f o r  a b in a ry  
as f o r  a s in g le  s t a r ,  and, when th e  s t a r  i s  a b in a ry ,  some 
s u b c la s s e s  may o ccu r on ly  v e ry  r a r e ly .
Des id e r a t a
There a re  s e v e ra l  obv ious t e s t s  f o r  th e  v a l i d i t y  o f 
th e  e v o lu tio n a ry  scheme su g g e s te d  h e re  :
a )  The HR diagram s o f  th e  a s s o c ia t io n s  in  th e  IMC
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containing the WR stars WS 51 and WS 53 should be obtained; it 
is predicted that the WR stars will fall well below the turn-off 
points.
b) The expected sequence of subclasses for a single WN 
star and for a binary WN star should be calculated for comparison 
with the observed population of binary stars.
c) The calculations of the dynamics of the ring nebulae 
around WR stars should be refined by the inclusion of radiation 
and gas pressure. It is important to determine whether the 
combination of forces can generate nebular shells with the 
observed shapes.
Both observational and theoretical work on WR stars in 
binary systems are vital. The peculiarities of the spectral 
behaviour outlined in section 1.7 must be explained in order to 
obtain an understanding of the conditions in the WR atmospheres 
and to obtain reliable mass estimates for the stars. In
particular, CQ Cepheii is a most important system since it is 
an eclipsing binary with one component of class WN7. It 
therefore represents an opportunity to determine the mass of a 
star belonging to the subclass that is believed to contain the 
youngest and most massive WR stars.
It is hoped that the present study will provide a
sound basis for such future work.
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